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Preface 



It is difficult to overestimate the impact that density functional theory has had 
on computational quantum chemistry over the last two decades. Indeed, this 
period has seen it grow from little more than a theoreticalcuriosity to become a 
central tool in the computational chemist’s armoury. Arguably no area of chem- 
istry has benefited more from the meteoric rise in density functional theory 
than inorganic chemistry, the ability to obtainreliable results in feasible time- 
scales on systems containing heavy elements such as the d and f transition me- 
tals has led to an enormous growth in computational inorganic chemistry. The 
inorganic chemical literature reflects this growth; it is almost impossible to open 
a modern inorganic chemistry journal without finding several papers devoted 
exclusively or in part to density functional theory calculations. The real impor- 
tance of the rise in density functional theory in inorganic chemistry is undoubt- 
edly the much closer synergy between theory and experiment than was pre- 
viously posible. 

In these volumes, world-leading researchers describe recent developments in 
the density functional theory and its applications in modern inorganic and bio- 
inorganic chemistry. These articles address key issues key issues in both solid- 
state and molecular inorganic chemistry, such as spectroscopy, mechanisms, 
catalysis, bonding and magnetism. The articles in volume I are more focussed 
on advances in density functional methodogy, while those in Volume II deal 
more with applications, although this is by no means a rigid distinction. We are 
very grateful to all our contributors for their extensive efforts. We are very 
proud to present this collection of world-class science, and hope that you enjoy 
reading it as much as we have enjoyed putting it together. 



September 2004 



Nikolas Kaltsoyannis 
John E. McGrady 
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Abstract The agostic bond defines an intramolecular interaction where a ct bond is geo- 
metrically close to an electron deficient centre (often a transition metal). The computa- 
tional studies on this energetically weak interaction are reviewed and discussed. Various 
types of a bonds have been considered (C-H, C-C, Si-H, Si-C, B-H). It is suggested that a 
C-X bond in which X carries a lone pair should preferably not be viewed as agostic. The 
factors that contribute to his occurrence are discussed. In particular, the agostic interac- 
tion is very sensitive to steric effects. Explanations based on molecular orbital analysis, 
electron delocalization and topological analysis of the electron density are presented. 

Keywords Agostic interaction • Weak interaction ■ Bond activation • Computational 
studies • DFT ■ QM/MM calculations • Molecular orbitals • Topological analysis • Steric 
effects 
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1 

Introduction 

The agostic interaction is among the key discoveries made in organometallic 
chemistry during the twentieth century [1, 2]. It was earlier thought that a li- 
gand could only interact with a transition metal centre either in an ionic fash- 
ion or via a relatively strong donor-acceptor bond. We will put aside anionic 
(X type) ligands that, in the neutral form (e.g. Cl), have a half filled orbital for 
interaction with the metal (X is usually considered as X - in the formal analy- 
sis of the metal oxidation state, however). These ligands often make rather 
strong bonds with the metal centre. More relevant to the present argument 
are neutral ligands which use their highest occupied molecular orbital 
(HOMO) to establish a donor-acceptor interaction with the metal centre low- 
est unoccupied molecular orbital (LUMO). Although the M-L bond dissocia- 
tion energy does not depend in any regular way on the ligand HOMO energy, 
it was always understood that ligands with very low lying occupied orbitals 
would be unlikely to interact with a metal centre. A poor Lewis base would 
thus be incapable of acting as a ligand to a Lewis acidic metal centre. Hence 
the surprise at the announcement that a C-H bond (one of the worst Lewis 
bases) can interact with a metal centre. This discovery opened the coordina- 
tion chemistry of metal interactions with weakly bound ligands, among which 
dihydrogen and alkanes are prominent [3-13]. Agostic interactions have now 
been seen in a large number of organometallic complexes for essentially any 
metal centre in the periodic table. The purpose of this chapter is to illustrate, 
through a description of the computational studies, that the word “agostic”, 
commonly used for these interactions, in fact covers a wide variety of subtly 
different situations and the position is not as simple as was first thought. 



1.1 

Definition of the Agostic Interaction 

The historical aspects are covered in two reviews [1, 2], We will thus not 
dwell on all the experimental physical properties that are used to establish 
the presence of an agostic bond. The name agostic was coined by Brookhart 
and Green from the Greek “ayoozog”, which according to their papers [1, 
2], may be translated as to clasp, or to draw towards. As M.L.H. Green him- 
self stated to one of us, the term implies the idea of a “shield” behind which 
the metal is somewhat protected from intruders. It originally described the 
situation in which a C-H, B-H or Si-H bond of a ligand was coordinated to 
the metal centre. This implies that the pairs of atoms C and H, B and H or Si 
and H are both close to the metal. Brookhart and Green also considered that 
C-F, C-Cl, Au-C and even H-N could become agostic. From the early stage, 
the word “agostic” was used to describe different situations. Thus it seems 
that the metal- ■ H-N interaction does not follow the criterion of having two 
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atoms both bonded to the metal [14, 15]. The M -H-N angle is usually 
around 180° and this situation was later considered as better described as a 
type of hydrogen bonding where the metal acts as a base and the H-N bond 
as the proton donor [16]. This is clearly the reverse of the agostic interaction 
where the metal seeks electron density. Even after removing the M- ■ H-N 
bond from the list of agostic situations, one is left with a high variety of 
bonds and systems. In their fundamental papers [1,2], Brookhart and Green 
view all these bonds as making a covalent bond to the metal centre, the C-H, 
B-H and Si-H bonds being 2e donors and the C-F or C-Cl bonds being 4e 
donors leading to 3c-2e or 3c-4e bonds when including the metal. Another 
key feature of the agostic interaction is that the X-H (X=C, B, Si) bond is 
part of a ligand. In other words the ligand can be viewed as a chelate strong- 
ly bonded through one end and weakly so through the X-H bond. 

A large variety of agostic bonds M- ■ H-X has been identified as summa- 
rized in Scheme 1 for X=C. Some of these are also known for X other than 
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Scheme 1 The several agostic bond situations as described by Kubas [3] 



C, notably Si. The half arrow shows the agostic bond [3]. The /1-agostic bond 
is by far the most common. 

The concept extremely quickly became general in the organometallic 
community (the original J Organomet Chem paper of 1983 [1] and the fol- 
lowing review of 1988 [2] have a total of 1500 citations) and was soon used 
to describe other sorts of complexes. For instance, the intermolecular com- 
plex of an alkane with a transition metal fragment in which the alkane is 
bonded via one or several C-H bonds was considered sometimes as contain- 
ing agostic C-H bonds. In this case again, does the word agostic describe a 
common geometrical situation (with a C-H in proximity of a metal centre) 
and/or also a bonding situation? In an alkane complex, the C-H bond is no 
longer part of a coordinated ligand so this is not agostic by the original def- 
inition. Kubas writes in his book: “The term agostic should not be used 
when describing external ligand binding solely through a a bond, which is 
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better referred to as a a complex [3].” This difference cannot be neglected 
since it may lead to different interactions. For example, while a C-F bond of 
a ligand can interact with the metal centre, there is no reported fluoroalkane 
complex of transition metal despite evidence for weak interactions [17, 18]. 
Although the distinction between o complex and agostic complex is clear, 
we will still present some systems that qualify as a complexes. The reasons 
are that the agostic interactions at work in species like d or e (Scheme 1) are 
close to those in a adducts, so that the distinction is somewhat artificial. 

The agostic bond was also recognized as giving crucial information on 
the making or breaking of the bond in the coordination sphere of the metal 
centre. It has been viewed as an arrested structure on the reaction path for 
bond cleavage. This was especially illustrated for the oxidative addition of a 
C-H bond by a trajectory for the reaction M+C-H to give C-M-H derived 
from a series of structures of agostic complexes [19]. The relation between 
the /f-agostic bond and the olefin insertion into M-H or the reverse C-H 
/i-elimination process is also fully apparent. Depending on the metal nature, 
the /J-agostic ethyl structure or the olefin hydride complex has been ob- 
served [20-22]. For instance, the Co 111 complex represented below has an 
ethyl group with a /3 - agostic interaction, whereas the corresponding Fe 11 and 
Rh 111 complexes (see below) prefer the hydrido olefin structure. This facile 
transformation is of key importance in the polymerization reactions. 




m 

HF studies of Pd(PH 3 )(H)(C 2 H 5 ), Pd(PH 3 )(H) 2 (C 2 H 4 ), and of the transition 
state in between, show the relation between the agostic structure and the 
/i-elimination reaction [23]. Replacing CH 2 CH 3 by CH 2 CHF 2 or Pd by Ni 
disfavours the agostic interaction and also raises the energy of the barrier 
for /i-elimination. The shape of the LUMO of the ethyl complex shows a 
mixing of the metal d and C-H bonding orbitals, consistent with a donation 
of the P C-H bond into an empty metal orbital. 

Hence also the interest in finding agostic bonds without H atom such as 
C-C and Si-C bonds. Very few examples of agostic C-C bonds are known 
[24-26] but many examples of agostic Si-C bond have been established espe- 
cially with the early transition metals [27-31]. 

This is another case where we must ask if the same word truly describes 
the same bonding situation? From the very beginning, quite different bond- 
ing situations seem to have been included in the same concept. This was un- 
derstandable in the early days when the interaction was considered from a 
purely structural standpoint, but subsequent theoretical studies have clearly 
shown that a variety of different bonding types can occur within this class of 
compounds. 
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1.2 

Focus and Limitations of this Review 

The existence of an M- • H-C agostic interaction is mostly established by 
structural and spectroscopic techniques [1, 2]. For structural determina- 
tions, X-ray and neutron diffractions are both used but each technique suf- 
fers from some limitations: the hydrogen cannot be accurately located with 
X-ray diffraction whereas neutron diffraction studies require a large crystal 
as well as access to a neutron source. For these reasons, NMR measurements 
have been considered as the most useful probes for establishing the exis- 
tence of the agostic interaction especially in the case of a C-H bond. The 
most characteristic feature of an M- • H-C agostic interaction is the low value 
°f 1 Jc-H due to the reduced bond order in the (3c-2e) system and the resul- 
tant elongated C-H bond. The theoretical calculations, which have an obvi- 
ous role to play, are the focus of this chapter. Theoretical calculations can be 
used for determining geometries and also to discuss the nature of the inter- 
actions between atoms. The earliest studies have been carried out with the 
Extended Htickel Theory (EHT). After a few studies at the Hartree-Fock 
(HF) level, most advances have been obtained with elaborate methods. The 
DFT method, which includes some of the correlation energy, has been most- 
ly used because of the size of the molecules to compute. Calculations have 
supported the existence of agostic interactions suggested by experimental 
studies, have shown their occurrence as short-lived intermediates during re- 
actions involving bond activation, and have studied how the agostic bond 
influences the overall process (notably in C-H bond activation and in poly- 
merisation reactions). Calculations have also been used to analyse the nature 
of the interaction. We will essentially focus on the first and last aspects 
(existence and nature of the interaction) but will cite some key papers for 
the reactivity properties. Because the agostic interaction is a weak interac- 
tion, it is very sensitive to the nature of the molecular species, and can be 
promoted or hindered by many factors. The computational studies have also 
been useful to sort out how weak interactions compete or cooperate with the 
agostic interaction in organometallic complexes. 



2 

The C-H Agostic Interaction, from Early Studies to Recent Interpretations 

Ab initio HF calculations and EHT studies were successful in supporting the 
existence of the agostic interaction but suggested that the agostic interaction 
may not only be due to a C-H donor-metal acceptor interaction. The nature 
of the C-H agostic interaction, and more particularly the /3 C-H interaction, 
was then studied in great detail with DFT calculations and analysis of the to- 
pology of the electron density. The peculiar nature of the interaction, in 
comparison to the classical donor-acceptor picture, was highlighted. 
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2.1 

The ar-Agostic Interaction 

The first EHT study has been carried out in the group of R. Hoffmann [32], 
It concerned the a-agostic alkylidene tantalum complexes synthesized in the 
group of R. Schrock. These alkylidene complexes in which the metal centre 
is invariably unsaturated (less than 18e around the metal) display some 
strong distortion, characterized by a pivoting of the alkylidene group CHR 
to decrease the M-C-H angle (down to 78°) and to increase the M-C-R angle 
(up to 170°) keeping the H-C-R angle close to its normal value. 

The experimental system 1 was modelled by TaH 4 CH 2 3_ , 2. The EHT cal- 
culations show a preference for CH 2 to pivot in the Ta-HCH equatorial plane 
so that doubly occupied o C h 2 orbital (HOMO of CH 2 in its singlet state) is 
not along the Ta-C direction. The MO analysis shows that the pivoting de- 
creases the main bonding interaction between Och 2 and the LUMO d x i z 2 of 
TaH 4 ' , 3a, but turns on a new bonding interaction with the next higher 
(LUMO+1) empty metal orbital (mainly d xz ), 3b. The reason why Och 2 inter- 
acts with the (LUMO+1) empty orbital at the expense of loosing some inter- 
action with the LUMO is that d xz is strongly hybridised toward the CH 2 
group unlike the LUMO. Thus the overlap compensates for the difference in 
energy between these two empty metal orbitals and favours the distortion. 

At this point, one could wonder if there is any interaction between the 
C-H bond and the metal centre as proposed by Brookhart and Green? The 
calculations show a weakening of the C-H bond associated with a decrease 
of the C-H overlap population. The weakening of the bond follows the de- 
crease in the experimental 1 J C _ H value. The M- • H-C interaction is possible 
because the molecular orbital centred on the C-H bond overlaps with d xz in 
the distorted structure (3c) and this interaction transfers some electron den- 
sity away from the C-H bond to the metal orbital. However, the contribution 
of this interaction to the overall energy stabilization is small because the en- 
ergy of the C-H bonding orbital is deep and thus far from that of d xz . 




b c 
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Several key conclusions have been established in this seminal paper. The 
a-agostic interaction in this alkylidene complex is built more on a change in 
the electronic structure of the Ta-C bond than on a Ta- • H-C bonding inter- 
action because the HOMO of CH 2 , which can interact with the empty metal 
orbitals in the agostic structure, is carbon based and not C-H based. Howev- 
er, the calculations cannot give quantitative information on the relative con- 
tributions to these two interactions to the total energy stabilization associat- 
ed with the agostic structure. The weakening of the C-H bond could be sug- 
gestive of a facile H transfer of H from C to Ta. This reaction does not occur 
experimentally and the EHT calculations rationalize this fact by a Walsh dia- 
gram, which shows that the H transfer would induce a forbidden crossing of 
occupied and empty molecular orbitals. 

The authors also extended their study to a hypothetical CH 3 complex and 
showed that it would also have an acute Ta-C-H angle, signature for the 
a-agostic interaction. In this case, the carbon based HOMO of CH 3 _ would 
be the key orbital to interact with the metal centre. 

These studies suggest that the a-agostic complex corresponds to the best 
interaction between the frontier orbitals of the organic ligand and the metal 
fragment. This means that the metal fragment could favour or disfavour the 
distortion depending on the energy and shape of its unoccupied frontier or- 
bitals. This has been illustrated by another set of EHT calculations on hexa- 
and tetra-coordinated Ti IV complexes [33]. The surprising result is that 
an a-agostic interaction is observed in Ti(dmpe)Cl 3 (CH 3 ), 4, but not in 
TiCl 3 (CH 3 ), 5. In 4, neutron diffraction studies show that the methyl group 
is tilted such the Ti-C-H angle is equal to 93.5° [34]. Neutron diffraction data 
is not available for 5 but X-ray diffraction suggested that the CH 3 group is 
flattened with all Ti-C-H angles equal to 101° [35]. There are two ways to do 
the electron counting in these complexes but none of them give a rationale 
for the observed structure. If one neglects the d^/p^ interactions between Ti 
and Cl, complex 4 is a 12e system and 5 is a 8e complex. In this case, an 
agostic interaction, if driven solely by unsaturation at the transition metal 
centre, should have existed in 5 like in 4. If one includes the ^-donating 
properties of Cl, both complexes can be viewed as 18e systems and none of 
these complexes should be agostic. 

EHT calculations and MO analysis on TiH 5 (CH 3 ) 2_ , 6, and TiH 3 (CH 3 ), 7, 
models for 4 and 5 gave an interpretation that generalizes the results found 
for the alkylidene complex 2. The pivoting of CH 3 , which decreases the Ti- 
C-H angle while keeping the H-C-H angles, was found to be energetically 
favourable in 6 but not in 7. In 6, the Och 2 orbital, HOMO of CH 3 _ , interacts 
only with an empty orbital of TiH 5 _ of cylindrical symmetry (d z i type) if the 
local C 3 axis of CH 3 is along the Ti-C direction as in 8a. If the local C 3 axis 
of CH 3 is pivoted as in 8b, the HOMO of CH 3 _ overlaps with the empty met- 
al orbital d xz . Because d xz is empty and at lower energy than d z >, the pivoting 
allows the HOMO of CH 3 _ to interact more efficiently with the metal frag- 
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ment. In accord with this interpretation, the pivoting of CH 3 “ in the model 
system Ti(H) 2 Cl 3 (CH 3 ) 2_ is found to occur in the xz plane, which contains 
only one Cl and not in the yz plane, which contains two Cl. The d xz orbital is 
at lower energy than d yz because of the greater destabilizing effect of the two 
Cl lone pairs mixing in an out-of phase manner in the later orbital. This 
agrees with the experimental structure. 




In the case of TiH 3 (CH 3 ), the HOMO of CH 3 _ interacts with an orbital of a 
symmetry if the local C 3 axis of CH 3 is along the Ti-C direction (9a). If the 
CH 3 group is pivoted, the HOMO of CH 3 _ interacts with one member of the 
e set of orbitals (9b). However, the e and a metal orbitals are at almost the 
same energy. Furthermore the overlap of the HOMO of CH 3 _ with the a or- 
bital is larger than with the e orbital. Therefore, the interaction of CH 3 _ and 
the TiH 3 + groups does not increase upon pivoting. There is no driving force 
for stabilizing a structure with one acute Ti-C-H angle, indicating the pres- 
ence of an a-agostic interaction. In further studies, it has been proposed that 
the flattening of the CH 3 group is a consequence of donation of electron 
density associated with the C-H bonds to the empty d orbitals on the metal. 
The unusual positive value for 2 J H ^ H =11.27 Hz was interpreted by EHT calcu- 
lations [36]. 
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The messages that emerged from these studies on the a-agostic interac- 
tion are i) that electron deficient metal is a necessary but not sufficient con- 
dition, ii) a direct metal- ■ -C-H interaction is not found to be at the origin of 
the observed distortions of these alkylidene or alkyl complexes, iii) a reor- 
ganisation of the M-C bond associated with a stronger total interaction be- 
tween the frontier orbitals of the metal and organic fragments is found to 
determine the pivoting of the organic group, signature for the a-agostic in- 
teraction, iv) the M- ■ -H-C interaction is not absent in these systems but ap- 
pears to be a small effect. The a-agostic interaction is thus better viewed as 
mainly a second-order Jahn-Teller distortion of the overall complex and not 
only as donor-acceptor C-H - ■ -M interaction. 

An ab-initio Hartree Fock (HF) geometry optimisation of Ti(PH 3 ) 2 _ 
X 2 Y(CH 3 ) (Y coplanar with Ti-C-H) reproduces reasonably well the experi- 
mental structure of 4, as measured by the Ti-C-H angle [37, 38]. For 
X=Y=C1, Ti-C-H is calculated to be 99° to compare to the experimental value 
of 93.5° from neutron diffraction. Replacement of Cl by H is found to in- 
crease the Ti-C-H angle. A plot of occupied molecular orbitals shows a mix- 
ing of the metal d and C-H bonding orbital in support of an M- ■ -H-C inter- 
action. 

2.2 

The /?-Agostic Interaction 

EHT calculations have been carried out to analyse the /i-agostic interaction 
in Ti(dmpe)Cl 3 (C 2 H 5 ), 10a [39]. The X-ray structure shows an acute Ti-C a - 
Cp angle of 85.9° and a C„-C p distance of 1.463 A, shorter than the average 
single C-C bond of 1.54 A [40]. This structure was redetermined at low tem- 
perature (105 K) by X-ray diffraction [41] without the problems of pro- 
nounced disorder in the structure from the earlier report. Here the Ti-Ca-C^ 
valence angle at 84.6° is acute, the C a -Cp bond distance is 1.501 A, and the 
Ti- ■ -C p distance at only 2.501 A is strikingly short, confirming the /3 - agostic 
interaction. 

EHT calculations are not appropriate for a quantitative optimisation of 
structure and therefore no quantitative geometrical parameters should be 
considered. The key results from this study are that the /f-agostic interaction 
is found to be favourable and to involve a reorganisation of the M-C bond 
similar to that highlighted for the methyl complex 4. The M- ■ -H-C direct in- 
teraction seems to play a role. An opening of the angles at the metal centre 
is necessary for allowing H-C to approach M and this requires a significant 
distortion of the hexacoordinated complex away from the octahedral geom- 
etry. While such distortion is energetically unfavourable for d 6 ML 6 com- 
plex, this work shows that any distortion away from the octahedral geome- 
try is favourable for a d° ML 6 complex in the presence of non-^-donor lig- 
ands (dmpe, C 2 H 5 ). It is shown that the angular distortion around the metal 
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Table 1 Comparison between selected geometrical parameters of the experimental structure 
of EtTi(Cl) 3 (dmpe), 10a [41], the HF optimized structures for EtTi(Cl) 2 H(PH 3 ) 2 , 10b [42], 
and the DFT optimized structure for EtTi(Cl) 3 (dhpe), 10c [43], Bond distances are in A and 
angle in degree 





10a 


10b 


10c 


Ti-C a 


2.147 


2.093 


2.170 


Ti...C|j 


2.501 




2.549 


Ca-Cp 


1.501 


1.547 


1.517 


Cp-tip 


1.03 


1.114 


1.130 


TiC a Cp 


84.6 


88.8 


85.5 



and the agostic interaction are strongly correlated and that both contribute 
to a stronger interaction between the metal and the organic ligand. In this 
system again, the contribution of the M- ■ H-C interaction to the total energy 
stabilization, although not null, does not seem to be the leading parameter. 

The optimised geometries with self-consistent field methods can be com- 
pared to the experimental structures obtained from X-ray diffraction studies 
(Table 1). An ab-initio HF geometry optimisation of Ti(PH 3 ) 2 (Cl) 2 H(C 2 H 5 ) 
(10b) gave metric parameters in good support of a /f-agostic interaction and 
reasonably close to the experimental values for 10a [42]. The geometry of 
Ti(C 2 H 5 )(PH 3 ) 2 (X) 2 Y is sensitive to the nature of X and Y (Y is coplanar to 
Ti-C 2 H 5 ). Electronegative groups X favour the agostic interaction, consistent 
with the lesser electronic density at Ti. No agostic interaction is found for 
X=Y=H. It should be pointed out that the influence of X and Y on the agostic 
interaction in the methyl and ethyl complexes is different in the EHT and 
ab-initio calculations. Comparing X=Y=H and X=Y=C1, Cl favours the agos- 
tic interaction whereas the reverse applies in the EHT calculations. This 
comes from the fact that the electronegative Cl lowers the energy of the d 
orbitals, and such an effect is not present in the EHT calculations. In con- 
trast, in an EHT calculation, Cl raises the energy of the d orbitals through 
d^/p* mixing. 

The presence of a /f-agostic interaction in 10a was later confirmed by 
DFT calculations (BPW91) on the model complex EtTi(Cl) 3 (H 2 PCH 2 
CH 2 PH 2 ) (10c) [43]. The calculated geometrical parameters were in excellent 
agreement with the experimental structure determined by X-ray crystallog- 
raphy (Table 1) [41]. 

The HOMO of 10c, represented schematically below, corresponds essen- 
tially to the Ti-C a a bond with a secondary bonding interaction between the 
Cp-\ip bond and the torus of the d z i orbital. This observation has led Scherer 
et al. to propose the description of the (3 C-H agostic bond as resulting from 
a delocalization of the two electrons of the HOMO on the TiC^C^ group. Sta- 
bilization of the Ti-C„ bond appears therefore to be the major driving force 
in the development of the /f-agostic interaction. Accordingly, the phenome- 
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non is best described as essentially a two-electron process involving only a 
single orbital on the metal [44]. 




The canting of the ethyl group is essential to achieve the stabilizing interac- 
tion between Cp-Hp and the metal centre. Hence the molecular structure of 
EtTiCl 3 , 11, determined by gas-phase electron diffraction (GED), showed no 
agostic interaction [41]. DFT calculations on 11 reproduced the experimental 
geometry and indicated that the larger Ti-Ca-C^ angle (84.6° in 10a vs 116° 
in 11) is associated with a Cp-Hp- ■ Ti antibonding interaction in the HOMO 
of 11. The driving force for the /3-agostic interaction in the d° octahedral 
complex 10a is the ease of deformation of the geometry to cant the ethyl 
chain so as to achieve the delocalization. The d° tetrahedral complex 11 is 
shown to be more rigid, thus preventing the /3-agostic interaction. 

To shed more light on the nature of the /J-agostic interaction, Scherer et 
al. have varied the nature of the metal (Ti, Zr, V, Nb) and the number of Cl 
ligands yielding three- and four-coordinated d° or d 1 complexes [43]. The 
/1-agostic behaviour appears in practice to require that the valence shell of 
the metal be unsaturated with VE<16. It is most prone to occur when the 
metal is three-coordinated, being seldom encountered in four- and six-coor- 
dinated systems, and unknown in five-coordinated systems. It remains to be 
seen how far the conclusions reached by these authors regarding the nature 
of yd-agostic bonding are applicable to a-, y-, and other types of agostic in- 
teraction and also to late transition-metal systems. 

More generally, the agostic interaction is usually described as a donor-ac- 
ceptor interaction between the bonding electron of the C-H bond and a va- 
cant site on the metal. However, sometimes it is not clear which atoms are 
bonded and to what extend they are bonded. This information is lacking in 
Lewis structures. To answer such questions, a more modern theory that en- 
ables one to extract chemical bonds from a computed wavefunction is war- 
ranted. A prime candidate theory to fulfil this purpose is the “atoms in mol- 
ecule” (AIM) theory as developed by Bader [45]. 

Popelier and Logethetis were the first to apply the AIM theory to the 
study of the nature of the agostic interaction [46]. They analysed the topolo- 
gy of the charge density (computed at the HF, BLYP, and MP2 levels) for 
CH 3 TiCl 2 + (12a), C 2 H 5 TiCl 2 + (12b), and C 3 H 7 TiCl 2 + (12c). 
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12a exhibits an a-agostic interaction as illustrated by the tilting of the CH 3 
group (H cr C c ,-Ti=89.9° ) BLYP). However, no bond critical point (BCP) is 
found between H„ and Ti. The topological properties of the density of 12a 
do not allow a clear and definitive picture of the a-agostic interaction to be 
drawn. 

The /J-agostic interaction in 12b is structurally characterized by the acute 
Ti-Ca-C^ angle (84.9°, BLYP) and the long Cp-Ylp bond distance (1.145 A, 
BLYP). Topologically, there is a BCP between and Ti, and not between Ti 
and the BCP of Cg-H^. The latter would have been expected for the classical 
picture of the C-H bond interacting with the metal. The Ti- • BCP is close 
to the ring critical point (RCP) associated with the TiC^C^H^ fragment and 
its ellipticity e is very large (1.173, BLYP), indicating a possible structural 
instability [45]. The bond path between Ti and is particularly curved to- 
ward the RCP, implying that the accumulation of electron density along the 
bond path is shifted toward C p. The situation is very similar for the y-agos- 
tic interaction in 12c. 

The topology of the density exhibited by /3- and y-agostic interactions in 
12b and 12c are in favour of a direct bonding interaction between Ti and the 
hydrogen atom (H^ or Hj,). However, the corresponding BCP is structurally 
instable and may be absent in other agostic systems. In addition, Popelier 
and Logethetis have shown that the topological properties of the agostic 
bond are different from those expected for a hydrogen bond. Consequently 
an agostic bond should not be confused with a conventional hydrogen bond. 

The AIM theory was also used to discuss the /I-agostic interaction in Et- 
Ti(Cl) 3 (dmpe), 10a, using the experimental and theoretical densities [47]. 
Interestingly, both the experimental and the calculated densities gave the 
same molecular graphs with the same number of BCP and RCP. A BCP be- 
tween Hg and Ti was found (Fig. 1) and was close to the RCP. The electron 
densities corresponding to the Ti- • -H^ BCP and the RCP inside the 
TiCaC^H^g fragment are nearly identical. The BCP almost merge into a singu- 
larity in p, a phenomenon characteristic of bond fission. A further charac- 
teristic of the agostic interaction manifests itself in the gradient vector map 
Vp(r) in a significant curvature of the Ti-C„ bond path (Fig. 1). The bond 
path is a curve joining two atoms along which the electron density is accu- 
mulated with respect to the neighbourhood, but minimal at the BCP along 
the path. The bond path is usually a straight line between the two atoms un- 
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Fig. 1 a Calculated gradient vector field Vp(r). Bond critical points (CP) are denoted by 
open circles and the ring CP by a filled circle-, nuclei on the molecular plane are denoted 
by a plus sign while the projections of the out-of-plane nuclei are denoted by a division 
sign. Inside the TiC a C/jH/j four-membered ring all gradient paths originate at the (3,+l) 
ring CP and terminate either at the nuclei or at a (3,-1) bond CP ( dashed lines). The gra- 
dient vectors linking the (3,-1) bond CP with the atoms constitute the bond paths ( thick 
lines), b Bond paths in the TiCaC^H^ fragment based on experimental charge densities, c 
Experimental- V 2 p(r) function in the TiCaC^Hg plane (negative values are marked by 
broken lines). Taken from [47] 



less the electron density is influenced significantly by interactions with oth- 
er atoms. In the present case, the curvature of the Ti-C„ bond path is ob- 
served for 10a, 12b, and 12c. The non-linearity of the Ti-C„ bond probably 
offers a more robust criterion for /1-agostic interaction. 

Although AIM theory speaks in favour of a bonding interaction associat- 
ed with an agostic interaction, the classical picture of a donating C-H bond 
to a vacant site on the metal is not supported. More studies are needed, par- 
ticularly on late transition metal complexes, to explore further the topologi- 
cal properties of the agostic interaction. 



3 

The Agostic C-H Bond with a Non-Transition Metal Centre 

The agostic bond was first seen in transition metal complexes but there is 
no reason that this should be limited to this class of atoms. The prerequisite 
for observing an agostic interaction is to have an electron deficient centre. It 
is not possible to give a comprehensive list and we limit ourselves to some 
recent references. Alkali and alkaline earth cations such as Li [48, 49], K, Ca 
[50] but also Al and B [51] entail C-H agostic interactions. At the limit of the 
transition metal series, naked Cu + is also an obvious excellent candidate [52, 
53]. Finally one should not forget the ethyl cation 13a and all non-classical 
cations where the bridged structure 13b is probably the earliest example of 
an agostic interaction [54]. 
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In the case of alkyl- and alkylsilyl-lithium complexes, a study of the topology 
of the electron density has been carried out, giving an interesting point of 
view on the agostic interaction [49]. An AIM analysis reveals a delocalisation 
of the Li-C bonding electrons within the organic ligand. It is shown that the 
Li- ■ H contacts in Li-CH 2 -CH 3 are a consequence of this delocalisation and 
that further secondary interactions, like Li- ■ -H-C interactions, play only a 
minor role. The interesting aspect of this approach is that the rationale ex- 
tends immediately to alkylsilyl-lithium complexes. An X-ray structure of 
[(2-(Me 3 Si)2CLi(C5H 4 N))2] and DFT calculations of Li-CH 2 -SiH 2 Me show 
that Si-C y is 0.2 A longer than C„-Si and, that the Li-C„-Si angle is signifi- 
cantly reduced. These features are shown to result from a combination of 
delocalisation of the Li-C a bonding electrons along the alkyl fragment and 
additional secondary interactions signalled by Li- ■ -Si, Li- ■ -C r , and Li- ■ -H 
contacts. In particular, these last interactions are responsible for the cis con- 
formational preference of the complex (Me toward Li). We will discuss more 
complexes with Si-C r bonds in the section on Si-C agostic interactions. 



4 

X-H Agostic Bonds with X Different from C 

All types of X-H agostic bonds have been analysed with computational 
methods. However, it is not really possible to make a valid comparison be- 
tween the several types of agostic bonds because of the lack of experimental 
data in which a given metal fragment can interact with various types of 
bonds. For this reason, the comparisons between the various agostic bonds, 
when possible, is only qualitative. 



4.1 

The B-H Agostic Bond 

The B-H agostic bond has been reported in few large systems [2, 55] and the 
computational studies of B-H agostic bond with elaborate methods are 
therefore rather recent. In a Ru 11 scorpionate complex, the B-H bond of the 
pyrazolyl borate is found to be at the empty coordination site of the metal 
centre [56]. The calculated Ru- ■ -B and Ru- ■ -H are found to be close to the 
experimental values despite the fact that the calculated complex has consid- 
erably less steric hindrance than the real system (the influence of the steric 
hindrance will be discussed later). These distances indicate that B and H are 
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both close to the metal centre (Ru-B exp=2.849 A, calc=2.900 A; Ru- • H 
exp=2.07 A, calc=1.969 A) as also indicated by a B-H- ■ Ru angle of 125°. It is 
therefore interesting to find that the calculated overlap population shows the 
presence of a bonding interaction only between Ru and H (Ru- ■ -B has a neg- 
ative overlap population). Short distances may not always imply that a 
bonding interaction exists [57]. 

Several borane complexes have been studied by computational methods 
[58-60], These complexes can be either considered as being a adducts or as 
having a-agostic B-H bonds. Species like 14, which has been found as mini- 
mum on the potential energy surface by MP2 calculations, does not corre- 
spond to an existing compound but displays some of the bonding character- 
istics of systems observed experimentally. The geometry of 14 is unusual: 
BH 3 is not planar and the complex seems to be a planar M-BH 2 unit with H 
bridging the M-B bond. The bonding differs substantially from that in other 
o complexes. Donation from the B-H bond to M occurs, but unlike for most 
other a complexes, back bonding from Os does not go into a* B _ H but goes 
to a boron p^ orbital that is non-bonding with the bridging H atom. Such 
back donation cannot cleave the B-H bond. It would be interesting to ana- 
lyse further the differences and analogies between the a-agostic CH 3 com- 
plex and this BH 3 complex. 



• X ' 

I 

u 

The complex, 15a, model for the titanium complex 15b, where the ligand is 
a catecholborane has been calculated by MP2 calculations. As in 14, the 
Ti-B0 2 moiety is planar and H bridges the Ti-B bond. The electron delocal- 
ization in the complex illustrated by 14c, creates an unusual three centres 
bonding in the B-Ti-B triangle [59, 60]. In the case of much longer distance 
between H and the boryl group, another geometrical pattern has been re- 
cently obtained for [(PR 3 ) 2 RhHCl(Boryl)] (Boryl=Bpin, Beat). These com- 
plexes have been studied by X-ray and neutron diffraction and by DFT cal- 
culations [61]. In these complexes, a weak H-B interaction has been evi- 
denced. The boryl group has two possible orientations depending on the ex- 
act nature of the surrounding ligands: it is either perpendicular to the plane 
containing Rh, H and B (and is thus similar to the previously described 
complexes) or it is coplanar with Rh, H and B. In the later case, it is suggest- 
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ed that the o* BOi orbital participate to the bonding with the hydride. This lat- 
er orientation is observed when steric hindrance disfavours the other one. 




IS* I f<ti 15 l 

The tendency for a a-borane coordinated to a metal fragment to create an 
additional bond to B results in the formation of a coordinated dihydroborate 
in presence of a hydride ligand [62]. This leads naturally to the considera- 
tion of BH 4 _ complexes: they are a adducts and not agostic systems and cal- 
culations show the mode of coordination varying from rj 1 to rf [58, 63, 64]. 

4.2 

The Si-H Agostic Bond 

Several reviews on silane organometallic chemistry have been written, both 
on experimental [65-67] and theoretical aspects [68]. The agostic Si-H bond 
has been shown in early [69-88] and late [89-96] transition metal complexes 
in a wide variety of situations. The Si-H bond is a better candidate for an 
agostic interaction than C-H because it is more polarisable and the H is 
more hydridic. Computational studies confirm the presence of an M- • H-Si 
interaction in various systems. A recent review summarizes the computa- 
tional studies up to 2002 [68]. It is interesting to include the o complexes. 
For instance the two hexacoordinated d 6 complexes, 16 (characterized by 
X-ray [97]) and 17 (characterized by NMR [98]), probably have similar elec- 
tronic M- ■ Si-H interactions although no calculations have yet been carried 
out to test this. The difference between the two complexes could thus be 
mostly due to the fact that the Si-H bond is forced to remain in close vicinity 
to the metal in 16 because the alkene does not dissociate easily. This factor 
(essentially entropic) allows the experimental observation of weaker interac- 
tions. 
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Lin showed that many complexes are consistent with the Si-H bond acting 
as an electron donor to the metal via a si _ H and as an electron acceptor via 
a* si _ H . The <7 si _ H orbital is higher in energy than the a c _ H and the a* si _ H is 
lower in energy than the ct* c _ h , so Si-H acts as a better ligand than C-H to a 
metal by being both a stronger Lewis base and a stronger Lewis acid. The 
Ru 11 complex containing two Si-H bonds in a chelating ligand, 18, is illustra- 
tive of the interactions at work. Computational studies have been carried 
out by Lin [68, 94] and Marsden, Barthelat et al. [92] independently. In this 
complex the two Si-H bonds would take a trans coordination if the complex 
remains octahedral. However a distortion occurs, which puts the two Si-H 
in a pseudo cis coordination, and allows optimal back donation from the oc- 
cupied d orbitals into the two a* si _ H orbitals. It has been proven, by optimis- 
ing the real system as well as a model in which the two Si-H bonds are not 
part of a chelating group (19), that the observed distortion in the experi- 
mental complex is not induced by the chelating group. Whereas, the need 
for optimal back bonding is clearly an important parameter, one should not 
neglect the fact that the two Si-H ligands, which have a weak trans influence 
do not like to be trans to each other. This also favours the observed distor- 
tion. 






■ ^ V, 



w . 



A 



a 






N, 



• ■ I ■ 



f- 



h 



IB 1'J 

In cases where there is no back donation possible from the metal centre, 
such as in the d° ansa lanthanocene-N(SiHMe 2 ) 2 complex, 20, /I-agostic Si-H 
bonds have also been observed and calculated by DFT [72-74]. The calcula- 
tions reproduce the experimental data well especially when Me groups are 
present on the silyl group. The nature of the La- ■ H-Si interaction has been 
analysed. The attraction is found to be dominated by an electrostatic attrac- 
tion. The covalent part is small and the 4f orbitals play no role in the bond- 
ing. The Si-H bonds are strongly polarized and weakened by the positively 
charge La centre. The interaction energy is estimated to be as high as 8 kcal 
mol -1 , which causes an unusual opening of the Si-N-Si angle. This illustrates 
that a Si-H bond engages in rather strong agostic interaction. The strength 
of the Si-H agostic interaction has even resulted in artefacts in some calcu- 
lations. Thus, it proved inaccurate to use La(N(SiH 3 ) 2 ) 3 as a model for 
La(N(SiMe 3 ) 2 ) 3 . The presence of three Si-H bonds, which do not exist in 
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La(N(SiMe 3 ) 2 ) 3 modifies the geometry of the coordination sphere at La [99], 
In contrast, the calculations of the full experimental system give a geometry 
in very good agreement with the experimental data (see below). 




20 

The propensity of the SiR 2 H group to promote M- ■ H-Si bonding is also il- 
lustrated in a study of a 14e T-shape Pt(PH 2 -C 2 H 4 -PH 2 )(SiHR 2 ) + complex 
where R=H, Me, SiH 3 , Cl, OR, and NMe 2 [96]. An unusual minimum with an 
H bridging a Pt-silylene bond (Pt-Si-H=80°) has been found in the case of 
the SiH 3 group in addition to another structure, which has the traditional 
agostic Si-H bond (Pt-Si-H=94°). In contrast to the case of the CH 3 complex 
(also studied in this work) where the traditional agostic structure and the 
hydrido-carbene complex each correspond to minima, no hydrido-silylene 
complex is found as a minimum. When R is different from H, R is found to 
be at the bridging position in preference to H. An analysis of the electronic 
density by the AIM theory confirms the presence a ring critical point, not 
seen in the case of a C-H a-agostic interaction. 

Nikonov, on one hand, and Sabo-Etienne and Chaudret on the other have 
shown independently the existence of an interesting secondary bonding in- 
teraction^) named either IHI for “interligand hypervalent interaction” or Si- 
SHA for “silicon secondary hydrogen attraction” between the silyl group and 
a nearby hydride. This interaction originates from the remarkable ability of 
silicon to become hypervalent. The following examples are an illustration of 
this. In RuH 2 (H 2 )L 2 (SiHX 3 ) (I^PCy 3 ), 21, the Si-H bond of SiHX 3 is signifi- 
cantly elongated while the distance between Si and the two hydrides is short- 
er than the sum of the vdW radii [93]. In this complex Si is close to six atoms, 
a situation which has precedents in silicon chemistry [100, 101]. The elonga- 
tion of the Si-H bond can be rationalized by the donation of the Ru d orbital 
in <7* si . [ , but there is most probably an enhancement of the elongation due to 
the additional Si- • H interaction with the hydride ligands. Is there an agostic 
interaction in this complex? Strictly speaking, RuH 2 (H 2 )L 2 (SiHX 3 ) is an 18e 
complex with a coordinated silane which according to Kubas should not 
qualify as an agostic complex. However, the close contacts between the near- 
by hydrides and Si can transfer some density to Si. This leaves the metal as 
electron deficient and one can thus consider that the shortest Si-H bond 
compensates this electron deficiency. 
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The Si- ■ - H interaction occurs in a wide variety of systems with one or two 
silyl groups such as 22 and 23 [79-85, 102, 103]. In the most general case, 
only one hydride is involved and the silicon centre is surrounded by five 
groups, a classical hypervalent situation for silicon [100, 101]. The presence 
of electron withdrawing atoms such as Cl on Si shortens the Si- ■ -H distance 
as shown by MP2 calculations on 22 [103] and DFT calculations on 23 [80], 
which agrees with the greater tendency of Si to become hypervalent in the 
presence of electronegative atoms. 



It has been pointed out that the calculated Si- ■ - H distance is very sensitive 
to the nature of the modelling [80]. This dependence is probably associated 
with the relative weakness of the interaction which is thus challenging to re- 
produce. A related difficulty had been noticed in the case of stretched dihy- 
drogen complex [13]. The recent characterisation of a stable hypervalent Si 
dihydride stabilized by the presence of K + (18crown6) [104] and systems like 
RuH 3 (SiCl 2 Me)(PPh 3 ) 3 , 24 [105], which has three non-classical Ru-H- ■ -Si in- 
teractions, further supports the proposal of IHI and Si-SHA and illustrate 
the generality of the Si- ■ -H attractive interaction [106]. The same interaction 
appears in some germyl complexes [102], These interactions give unusual 
fluxional [107] and spectroscopic (notably NMR) properties to the complex- 
es [85, 108, 109]. It has even been generalized to Si -Si interaction [ 1 10— 
113]. It is unclear if one should consider complex 25 as having agostic Si-H 
bond or not but the very unusual structure and bonding pattern deserves 
mention [114]. In this complex, the SiH 4 is coordinated to two metal centres 
and serves as both electron donor and electron acceptor towards each metal. 
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The unusual aspect of it is that the back-donation from one metal occurs 
into the Si-H bonds that act as o-donors to the other metal. 

c 

t. /. 



In conclusion, one can look at the silyl hydride complexes in a number of 
ways, either as coordinated silane with a very elongated Si- ■ H bond or as 
complexes of hypervalent silicon moieties with an agostic Si-H bond [109]. 
It should be pointed out that the ability of Si to become hypervalent in the 
vicinity of a transition metal fragment has some important consequence on 
the reactivity of silane derivative in metathesis reaction with lanthanide 
complexes [115]. 



5 

X-Y Agostic with Y Different from H 



5.1 

The C-C Agostic Interaction 

Because of the relationship between the agostic interaction and the cleavage 
and formation of bonds, the C-C agostic interaction is especially desired but 
is unfortunately very rare. In most cases where an alkyl chain is near a metal 
centre, a C-H agostic bond is established in preference to any other case. The 
CH 3 group shields the C-C bond from the metal centre resulting in a C-H 
bond being in general more accessible to the metal than a C-C bond. To our 
knowledge there are three reports of an agostic C-C bond. The first system 
describes an unusual electrophilic 14e titanium centre in an environment that 
is shielded sterically from both C-H bond and external coordinating agents, 
such that the metal can only make additional contacts with the accompanying 
C-C single bonded framework [116]. DFT calculations confirm the bonding 
situation between Ti and C. However further studies show the absence of a 
Ti- ■ C-C contact (no bond critical point) [117]. The second system concerns 
a quinonoid type complex for which the X-ray structure shows well the C-C 
in proximity to a Rh centre [24] but no calculations have been carried out. 
The third system is a cyclopropyl complex Tp Me2 NbCl(c-C 3 H 5 )(MeCCMe) 
[25, 26]. The crystal structure of this cyclopropyl complex reveals the pres- 
ence of an elongated C-C bond. QM/MM(ONIOM) calculations have ad- 
dressed the competition between the ft C-H and a C-C agostic interactions. 
The a C-C agostic interaction is found to be preferred and test calculations 
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changing the steric bulk in the complex reveal that the preference for the a 
C-C agostic is of electronic origin. This is attributed to the fact that the C-C 
bond of the cyclopropyl group is not a normal C-C bond. Whilst the HOMO 
of propane has a dominant C-H bonding character, the corresponding orbital 
in cyclopropane is localised between the carbon centres and the orbital with 
dominant C-H character lies some 2 eV lower in energy. Thus although the 
preferred conformation places both the a C-C and /3 C-H bonds close to the 
agostic bonding position, the unusually high energy of the C-C a orbitals in 
the cyclopropyl ligand dictates the preference for the C-C, rather than the 
C-H, agostic structure. These results suggest that a normal C-C bond may not 
be a good candidate for an agostic interaction. This suggests also that steric 
hindrance and geometrical constraint could be involved in the agostic C-C 
bond in the quinoid Rh complex [24], although the C-C bond is part of an n- 
alkyl chain. 

5.2 

The Si-C Agostic Interaction 

It has been observed that the Si-C bond ft to the metal centre is unusually 
long in early transition metal complexes and mostly in lanthanide and some 
uranide complexes of CH(SiMe 3 ) 2 [28, 118-120] and N(SiMe 3 ) 2 [27, 121— 
129]. Similar effects have also been reported in Cr(CH(SiMe 3 ) 2 ) 3 [130] and 
In(CH(SiMe 3 ) 2 ) 3 [131] and have been inferred in [Mg(CH(SiMe 3 ) 2 ) 2 ] QO 
[132]. For instance, in La(CH(SiMe 3 ) 2 ) 3 the long Si-C bond is 1.92 A and the 
short one is 1.89 A [119]. The elongated Si-C bond is invariably that closest 
to the metal, the M-C-Si angle is smaller (e.g. 102°) than the usual tetrahe- 
dral angle; similarly the M-N-Si is smaller than that in an amido coordinat- 
ed ligand (see, for instance, [27]). All these facts point towards an agostic Si- 
C bond. It is interesting that in these complexes the y C-H bonds, whilst not 
so far from the metal centre, seem unaffected. 

Apart from the early calculation at the HF level on a Pd complex with an 
alkenyl complex containing a ft Si-C bond [118], the computational studies 
of these complexes are recent due to the large size of the species and to the 
presence of lanthanide metal centre. The calculations have been carried out 
using DFT (B3LYP) [28, 30, 31] and QM/MM(ONIOM (B3PW91/UFF)) [29, 
133] approaches. All calculations well reproduce the experimental data and 
the results improve when a more complete model, closer to the experimental 
systems, is used. Since the QM/MM and DFT calculations give similar re- 
sults, this shows that some of the substituents such as the Me groups not in- 
volved in the agostic interaction, play only a steric role (see more about this 
problem later). Studies of several models show the exclusive elongation of 
the bond P to the metal and closest to it regardless of the nature of the bond, 
i.e. Si-C, Si-H or C-C. A C-C bond would be relatively less elongated than a 
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Si-H or Si-C bond. Furthermore, no elongation of a y C-H bond is noticed 
even for the C-H bond closest to the metal centre. 

Two slightly different interpretations have been offered in the case of 
LnX 3 (X=CH(SiMe 3 ) 2 or N(SiMe 3 ) 2 ). The divergence arises from the way the 
bond between the lanthanide and the ligand is considered. All workers agree 
that the M-X bond has a large ionic component and that the covalent part is 
based on the high lying empty d orbitals and not on the f orbitals. All work- 
ers also agree that the non planar shape of LnX 3 is due to the participation 
in Ln-X bonding of the d Ln orbitals. Two sets of authors [28, 30, 31] consid- 
er that the empty d orbitals are also responsible for the Si-C agostic interac- 
tion and thus propose an interpretation following that of Brookhart and 
Green. The electron density of the Si-C bond is partially donated to the emp- 
ty metal d orbitals. The other interpretation is based on the very large ionic 
character of the Ln-X bond. The calculated NBO charge is 2.3 for LnR 3 
(R=alkyl), which is close to the formal charge derived from the oxidation 
number and the additional electron density is mostly in the d orbitals. Much 
larger differences between the calculated and formal charge are found in d 
transition metal chemistry [133]. The ionic nature of the Ln-X bond puts 
the two electrons of the M-X bond mostly on X. The two electrons located 
on the atom coordinated to the metal centre are thus delocalised through the 
organic ligand. This delocalisation is well known in organic chemistry and 
has been called “negative hyperconjugation” [134]. It occurs when electrons 
located in a high lying orbital are stabilized by the proper combination of 
a* orbitals of the neighbouring bonds (26a). This in turn lengthens the 
bonds involved in the delocalization. In the case of CH(SiMe 3 ) 2 _ , the two 
electrons located on the carbanion are delocalised on all a* si _ c which length- 
en all P Si-C bonds (26b). The delocalization is more efficient than in a C-C 
bond because (7* si _ c is lower in energy than o * c _ c . The metal plays a role 
through an electrostatic interaction by lowering more the energy of orbitals 
located on atoms nearest to it. This makes the a* si _ c orbital closest to the 
metal, the most efficient to delocalise the electrons of the carbanion. It is 
thus the one to lengthen the most (26c). This interpretation is consistent 
with the lesser Si-C elongation in the case of the N(SiMe 3 ) 2 group. A more 
electronegative N tends to delocalise its electrons into the /3 Si-C bonds to a 
lesser extent. The presence of delocalisation has been supported by photo- 
electron spectroscopy [135]. The interpretation is closely related to that pub- 
lished at almost the same time on the alkyl-lithium complexes [49]. 

It is not really possible to choose between the two interpretations. They 
both rationalize the geometrical pattern well. The classical interpretation 
(electron density transferred to the metal) has the advantage of using d or- 
bitals that are also used to rationalize the pyramidal geometry of LnX 3 . It 
does not explain well why the y C-H bond are so unaffected but it has the 
advantage of following “Occam’s razor”. Delocalization within the ligand is 
consistent with the earlier work on the a-agostic interaction. It is also con- 
sistent with the fact that the presence of a bond critical point between the 
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metal and the ft bond has been found to be very sensitive to the nature of 
the complex and thus not to be the leading factor in /f-agostic interaction, at 
least in the case of alkali (Li) [49], early transition metal [43, 44, 46, 47], and 
lanthanide complexes. It also accounts for the fact that there is no need of 
real contact between the metal and the elongated bond. This explains that 
the Si-C bond can be elongated even if the CH 3 groups of the trimethyl silyl 
group shield the a Si-C electrons. The reality is probably a combination of 
the two effects. 
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5.3 

X-Y Agostic with Y Bearing Lone Pairs 

In their initial discussion of the concept of the agostic bond, Brookhart and 
Green included bonds between C-X (X=halide) and a metal because they 
viewed them as examples of a 3c-4e C-X-M interaction. In consequence, 
some authors still use this terminology for C-X-M interactions. Other au- 
thors have considered that the C-X a bond is not involved, however, and 
state that these species are not agostic [7]. Although further studies are 
needed, it is reasonable at present to say that X acts as an electron donor via 
its lone pair and involve less the electrons of the C-X bond (27) because the 
electrons of the X lone pair are more accessible and also at higher energy 
than those of the C-X bond. In this case, the C-X bond behaves like a true 
dihapto ligand with two strong bonding interactions (M-X and M-C), and a 
classical Lewis structure (27) can be written. For instance this distinction is 
clearly used in a paper discussing the competition between dihapto acyl and 
P C-H agostic interactions [136]. To argue about whether an interaction 
should be considered “to be or not to be” agostic could be viewed as point- 
less. Despite the wide diversity of agostic interactions and despite the appeal 
of the word, we think that it is worth limiting the term “agostic” to cases of 
X-Y bonds in which none of the atoms X or Y carries additional lone pairs 
and the X-Y o bond is exclusively implicated in forming the new bond in 
question. 
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6 

The High Sensitivity of the C-H Agostic Interaction to the Nature 
of the Molecule 

The agostic interaction is a weak interaction, that can be perturbed by small 
changes inside the organometallic complexes or the experimental condi- 
tions. A o bond and notably a C-H bond is a very poor Lewis base and 
therefore essentially any ligand acts as a stronger base than C-H and should 
thus displace an agostic bond. Agostic interactions are thus observed in 
non-coordinating solvents. 

6.1 

The Energetic Magnitude of the Agostic Interaction 

Experimental determination of the binding energy of an agostic interaction 
has not been achieved and only approximate values are proposed. The rea- 
son is that one cannot observe a complex such as W(CO) 3 (PCy 3 ) 2 without 
the agostic interaction ([3] chap. 7). An approximate binding energy of 
10-15 kcal mol -1 is proposed based on the bond dissociation enthalpy deter- 
mined by photoacoustic calorimetry for heptane binding to W(CO) 5 [137, 
138]. Computations can also estimate in an approximate manner the energy 
of an agostic bond because the reference point with no agostic interaction is 
not precisely defined and because other parameters come into play [43, 44]. 
Take the /1-agostic C-H interaction shown in 28a. One could propose that 
28b has no /1-agostic C-H bond. However, some interaction between M and 
both H 2 and H 3 cannot be excluded. Further, the alkyl chain has gone from 
an eclipsed conformation to the intrinsically more stable staggered confor- 
mation. The difference in energies between 28a and 28b, which is a compos- 
ite of all these changes, is however used to evaluate the energy of the agostic 
interaction [43]. The agostic interaction energy ranges from very weak to 
usually no more than 10 kcal mol -1 . It is not possible to cite here the ex- 
tremely large number of systems that have been calculated. We report the 
reader to the reviews written in 2000 for the special issue on Computational 
Transition Metal Chemistry in Chemical Review. The paper by Niu and Hall 
gives references to many works where agostic interactions have been seen 
(see for instance studies of olefin insertion, polymerization) [139]. 
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We would like to highlight two pieces of work: one that addresses the role of 
the metal and the other one that addresses the electronic role of coordinated 
ligands. 

A DFT study of the /1-hydride and methyl migratory insertion in 
CpM(PH 3 )(CH 2 CH 2 )R + (M=Co, Rh, Ir; R=H, CH 3 ) shows that the strength 
of the /1-agostic interaction decreases down the cobalt triad [140]. This trend 
has been established by comparing the energy of the /i-agostic complex with 
that of the a-agostic complex where the agostic interaction is weak. The 
/1-agostic interaction is especially strong for cobalt. The M- • H-C agostic 
bond is thus primarily established by donation of charge from the occupied 
o c-H orbital to an empty d-based orbital on the metal. According to normal 
ligand field arguments, the destabilization increases from 3d to 5d. Thus co- 
balt has the most suitable acceptor orbital and the strongest ft- agostic bond. 

Another trend arises from the comparison of the neutral and cationic 
complexes Ru(PH 3 ) 2 (X)(H)(C 2 H 5 ) q+ (X=C1, q=0: X=CO, q=l). The (3 C-H 
agostic interaction is estimated to be around 7 kcal mol -1 in the case of the 
cationic complex with X=CO and 12 kcal mol -1 for the neutral complex with 
X=C1 [141]. The more elongated C-H bond in the later system is in agreement 
with the stronger interaction. In the agostic complex X is essentially trans to 
the agostic bond. Therefore the stronger agostic interaction in the case 
of X=C1 could be due to the small trans influence of Cl, which increases the 
o c _ H to Ru donation and the larger back donation M to a C _ H associated with 
the lone pairs on Cl. It is interesting that the back donation seems to play no 
important role in the comparison Co 111 , Rh 111 and Ir 111 but rationalizes well 
the results for the Ru 11 complexes. 

There is probably no general rule for ranking the energy of an agostic in- 
teraction. We have just seen above how Cl acting as a poor o-donor (weak 
trans influence) and as a n donor ligand strengthens the agostic interaction 
compared to CO. Opposite trends arise from the study of the compounds 
Tp , Ta(CHC(CH 3 ) 3 )(X)(X') (X=C1, Br; X'=C1, OR, NMe 2 ), Tp'=hydrotris (3,5- 
dimethylpyrazolyl)borate) [142]. Tp , Ta(CHC(CH 3 ) 3 )(X)(X') have an a H-C 
agostic interaction from the alkylidene C-H as proven by the low 1 J c .h values. 
The strength of the a-agostic interaction depends upon the ability of the re- 
maining ligands to function as ^-donors. With weak w-donor ligands (ha- 
lides), a strong a-agostic interaction is observed. Stronger ^-donors disfavour 
the a-agostic interaction. No computational studies of these species have been 
carried out and the results are discussed in term of a competition between the 
ability of the C-H bond and the ligands to give electrons to the metal centre. 
The stronger the 7r-donor, the weaker the agostic interaction, just the opposite 
of what has been calculated for the Ru(PH 3 ) 2 (X)(H)(C 2 H 5 ) q+ complexes. The 
coordination sphere of the metal as well as the total charge certainly play a 
role in the different responses to the nature of the coordinated ligands to- 
wards agostic interaction of the two family of complexes. Also to be noticed, 
the early HF calculations of Morokuma on the hexacoordinated Ti IV complex- 
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es indicates that Cl favoured the agostic interaction compared to H [23, 42]. A 
general rule is clearly not possible. 

6.2 

The Steric Influence of the Ligands 

The key role of the steric factors has been established in the study of the 14e 
4-coordinated d 6 IrH 2 L 2 + complex. The X-ray structure for I^P( l Bu) 2 (Ph) 
shows the presence of two remote C-H agostic interactions, one from a C-H 
bond of a f Bu group of each phosphine ligand. These two agostic interac- 
tions complete the octahedral coordination sphere around Ir. The P-C^C 2 
angle of the agostic bond is 92°. It has been first established by calculation 
for H=PH 3 ( 29 ) that the saw horse geometry of IrH 2 L 2 + (piece of octahedron 
with two cis empty sites) is not due to the agostic interaction but is preferred 
for a diamagnetic tetracoordinated d 6 complex [143]. In the case of a para- 
magnetic electronic state, a planar structure has been found to be preferred 
for an isoelectronic complex [144]. Calculations have then been carried out 
for L=PH 2 (CH 2 CH 3 ) ( 30 ). This model includes all the atoms of the coordina- 
tion sphere of Ir and of the alkyl chain involved in the agostic interaction 
and models by H all other substituents. Even though the initial guess for the 
optimisation process is the experimental structure, in which the agostic C-H 
bonds are close to the metal, the optimisation process opens the Ir-P-C angle 
and moves CH 3 away from the metal centre. In the optimised structure, the 
bond angles at the phosphine are tetrahedral and the two alkyl chains are 
staggered in place of eclipsed. Clearly the energy to pay to diminish the P- 
C : -C 2 angle and to eclipse the alkyl chain is not compensated by the binding 
energy of Ir- ■ -H-C, which is especially small because the agostic C-H would 
be trans to a hydride (strong trans influence). The full experimental complex 
( 31 ) was then calculated at the QM/MM (B3LYP:MM3) level using IMOMM 
[145, 146]. In this calculation, the atoms calculated at the QM level are iden- 
tical to that of the previous calculation for 30 but all substituents previously 
modelled by H are represented at the MM level and play exclusively a steric 
role. The geometry converges to a structure close to the experimental value. 
In particular the P-C^C 2 angle is 102° and the chain is eclipsed. 
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The steric hindrance of the substituents on the phosphine prevents the alkyl 
chain from moving away from the metal and probably even favours the 
eclipsed conformation. In other words the other substituents force one of 
the 'Bu group to be in the vicinity of the metal centre. These results should 
be viewed in a broader context. Thorpe and Ingold have identified an influ- 
ence of increasing steric bulk in R of a CR 2 group on ring formation involv- 
ing this CR 2 ; bulky R groups, by increasing the R-C-R angle, favour the ki- 
netics and thermodynamics of formation of rings containing the CR 2 
groups, especially small rings [147]. Similarly, Shaw has elaborated a similar 
idea for PR 2 R' ligands [148, 149]: bulky substituents R encourage ring clo- 
sure [150], bridging and orthometalation when R'=C 6 H 5 [151, 152]. 

The above result raises the key question: is the agostic interaction a result 
of the steric constraint, i.e. is the C-H bond near the metal because it is the 
best way to avoid the other substituents or are there some additional elec- 
tronic features? A combined experimental and theoretical study has provid- 
ed answers to this question. The 16e complexes IrH 2 (PR 2 Ph) 3 + , with small 
and large R, have been selected [153]. These complexes have one empty site 
trans to a hydride and can have a single C-H remote agostic interaction from 
the carbon chain of one of the phosphine ligand. When R is small (R=iso- 
propyl), the X-ray structure shows the absence of any agostic interaction. 
QM/MM calculations give similar results. When R is large (R= cyclohexyl), 
the X-ray structure shows the presence of one agostic interaction from the 
cyclohexyl group. Two QM/MM calculations have been carried out. In one 
set of calculations, all substituents of the phosphine ligands have been repre- 
sented at the MM level and only atoms directly bonded to Ir have been rep- 
resented at the QM level. At such a level, the substituent position is set by 
the steric hindrance but there is no possible electronic interaction between 
C-H and the electron deficient metal centre because there is no electron den- 
sity in the C-H bonds. Starting the optimisation process from the X-ray 
structure, the calculations give a structure that is very close to the experi- 
mental results but with a longer Ir- ■ C distance (3.17 A vs 2.92 A). In the fol- 
lowing set of calculations, the carbon backbone carrying the C-H agostic 
bond is introduced at the QM level. This introduces the possibility of elec- 
tronic attraction between the weakly donating C-H bond and the empty Ir 
site. Optimisation of geometry gives essentially the experimental structure 
with an Ir- • -C distance even slightly shorter than the experimental value 
(2.88 A vs 2.92 A). This shows that the steric effects encourage the agostic 
interaction. It also shows that small changes (such as changing cyclohexyl to 
isopropyl) have remarkably large consequences on the optimal structure of 
the molecule because the overall structure is the result of a number of com- 
peting small interactions. Other examples of this competition will be de- 
scribed further in this section. 

Steric factors are not mandatory for the agostic interactions as evidenced 
from the numerous examples deprived of any apparent steric strain. Howev- 
er, they can be instrumental in a number of subtle ways. As an example, in 
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an isopropyl tris(pyrazolyl)boratoniobium complex, the interplay between 
electronic and steric effects account for the rarely observed equilibrium be- 
tween a- and /3 - agostic C-H interaction (Eq. 1) [154, 155]. The steric hin- 
drance around the metal caused by the methyl group on the Tp group as well 
as by the alkyne ligand limits the conformational possibilities for the R 
group and increases the rotational barriers. For this reason, NMR evaluation 
of the difference in energy between the two types of agostic interactions was 
possible. The /1-agostic complex has been found to be more stable in agree- 
ment with the general preference for the /1-agostic bond compared to the a- 
agostic. However, the difference in free energy between the /l- and a-agostic 
complexes at 193 K is only 2.2 kj mol -1 . The QM/MM (IMOMM) calculations 
reproduce remarkably well the very small difference in energy between the 
two species (the computed difference in energy of 9 kj mol -1 is compared to 
AH 0 =7.4 to 9.7 kj mol -1 depending upon the nature of the far remote substit- 
uent on the Tp Me2 group). Furthermore also in agreement with the experi- 
mental evidence, replacing the ‘Pr group by an ethyl shows only the presence 
of one minimum corresponding to the a-agostic complex. Whereas, the ex- 
cellent agreement between experimental and calculated values is fortuitous, 
this illustrates the present power of the computational methods. 
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6.3 

The Agostic Interaction: One Weak Interaction Among Other Ones 

In the absence of severe steric hindrance among the ligands and, if electron- 
ic effects do not prevent the interaction, an agostic interaction is expected 
when a C-H bond can come geometrically in the vicinity of the metal empty 
coordination site. For these reasons, the following sets of observations have 
been puzzling [156]. A remote agostic Ir- ■ H-C interaction is observed from 
the 'Bu group in 32 (Ir=PPh 3 ) as shown by X-ray diffraction and NMR re- 
sults. However when the 'Bu group is replaced by an ‘Pr group, this interac- 
tion disappears (33, L=PPh 3 ). QM/MM (ONIOM) calculations have offered a 
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rational for this unexpected result. A first set of calculations at the full DFT 
level in which the calculated molecule differs from the experimental mole- 
cule by the replacement of H=PPh 3 by I^PH 3 reproduces well the geometri- 



cal features of 32. 
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Similar calculations done 


on 33 (I^PH 3 ) and 34 (I^PH 3 ) shows the presence 



of two minima. It also shows that the anagostic structure 33 is less stable 
than the agostic structure 34 by only 0.7 kcal mol -1 and such a discrepancy 
could be viewed as intrinsic to the accuracy of the calculations. However, 
QM/MM (ONIOM) calculations including the Ph groups of the PPh 3 ligands 
in the MM part reveal an unexpected result. The anagostic structure 33 
(L=PPh 3 ) becomes more stable than the agostic species 34 (I^PPh 3 ) by 
3.2 kcal mol -1 . Close examination of the geometries of the two minima re- 
veal the presence of a efficient ^-stacking between one Ph group of each 
phosphine and the benzoquinoleate (bq) ligand in 33 as shown in 35, and 
less efficient ^-stacking in the agostic structure 34 (see 36). Furthermore the 
^-stacking found in 33 is identical to that which is observed in the bq- l Bu 
complex 32. This shows a competition between weak forces (^-stacking and 
agostic interaction) in this set of molecules. The best compromise in this 
case is not the agostic complex. 
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Conclusions 

While there is probably rarely much ambiguity in an experimental determi- 
nation of an agostic bond for a chemical system by using a combination of 
structural and spectroscopic information, the physical reasons for its occur- 
rence are far from fully understood. One can at least distinguish several con- 
tributing factors. 

A ligand with an agostic bond should be viewed as a dihapto ligand with 
a strong bond to the metal (main point of coordination) and also a weak 
bond, the agostic bond. With this in mind, one might expect that any factors 
that affect the rj 1 - vs ^-character of a potentially chelating, hemilabile ligand 
will similarly affect a potentially agostic ligand. There are some require- 
ments for the ligand and some for the metal fragment. The dihapto coordi- 
nation of the agostic ligand requires a rather flexible ligand because geomet- 
rical distortions are needed to bring the agostic bond into the vicinity of the 
metal centre. Some bond angles should be able to take small values even 
ones far from their equilibrium values. The organic chain should be able to 
fold which may introduce several eclipsed-eclipsed interactions. These de- 
formations and conformations are all energetically demanding. On the metal 
fragment side, the metal should have either empty coordination sites or 
should be able to distort at a low energy cost to accommodate the agostic 
bond. The ability to distort is high for certain electron counts and certain 
coordination numbers. For instance, the octahedral geometry is sterically 
unfavourable for entry of a seventh ligand but the d° ML 6 hexacoordinated 
complex naturally moves away from the octahedral structure especially in 
absence of strong ^-donor ligands. In contrast, the tetracoordinated d° ML 4 
complex seems to be always unfavourable for the agostic interaction. 

The origin of the agostic interaction has been the object of some debate. 
Is the donation of the H-C bonding pair to the metal the main driving force 
for the agostic interaction? The case is far from being so simple. We have 
seen that the agostic interaction can modify the energy of the main anchor- 
ing bond of the ligand. We have discussed delocalization within the ligand. 
We have seen some bond formation between the metal and H with the help 
of the AIM analysis. Remarkably we have never mentioned the formation of 
a bond between the centre of the C-H bond and the metal centre but we have 
seen a bonding pattern involving the metal and the entire organic ligand in 
a cyclic bonding in the case of some /I-agostic complexes, in agreement with 
the idea of delocalisation. This proves that there is probably through-bond 
and through-space bonding taking place. There are not yet enough system- 
atic studies of all possible situations to be able to evaluate the relative im- 
portance of the two types of bonding as a function of the metal centre. In 
particular the delocalisation has been studied for early transition complexes 
where the M-X bond is very ionic, which probably enhances the delocalisa- 
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tion within the organic ligand. It should decrease for late transition metal 
complexes due to the increased covalent character of the M-X bond but no 
quantitative studies have been carried out in such systems. We have just 
been informed of further studies with AIM method for the /1-agostic interac- 
tion [157]. 

The angular distortion is especially drastic in the a-agostic interaction. 
For this reason, it is more rarely found and depends very strongly on the co- 
ordination number at the metal because the agostic bond significantly mod- 
ifies the main bond between the metal and the ligand carrying the agostic 
interaction. In fact, calculations indicate that the occurrence of the a-agostic 
interaction may be determine by the reorganisation of the M-C„ bond. 

The delocalisation of the lone pair electrons is not very efficient in a satu- 
rated organic ligand and is limited to the bonds (3 to the lone pair. For this 
reason, the remote agostic interaction is probably mostly due to the tradi- 
tional through-space interaction between the ligand and the metal. 

The agostic interaction is invariably weak and although its energy cannot 
be accurately defined, a qualitative estimate shows that its maximum value 
is around 10 kcal mol -1 with probably very few exceptions towards higher 
values. The agostic interaction can thus be hampered by other conflicting in- 
teractions. We are all aware that any ligand could displace an agostic interac- 
tion and coordinate to the metal. Less obvious are some subtle interactions 
within the unsaturated complex such as the ligand-ligand attractive interac- 
tion. It is clear that other cases will be discovered. The agostic interaction is 
also favoured when the ligand is forced to stay in the vicinity of the metal 
centre. Steric hindrance has been found to be very efficient contributors to 
the agostic interaction by preventing the organic ligand to move away from 
the metal centre and by enforcing its folding and small bond angles in such 
a way that a a bond is within reach of the empty metal coordination site. 
Calculations have however shown that an electronic interaction between the 
agostic bond and the deficient metal centre persists. After completion of this 
manuscript, a review on the agostic interactions in d° metal alkyl complexes 
has appeared [158]. A very recent paper combining experimental studies 
(structural and Database analysis) and DFT calculations shows the interest- 
ing possibility of a y M- ■ p 3 H 2 -C (in place of the usual M- ■ p 2 H-C) interac- 
tion in a Ru 11 complex [159], 

There is still much more to understand in this remarkably useful and gen- 
eral concept. 
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Abstract Selected examples of density functional theory applied to modelling the active 
site structures and mechanisms of metalloenzymes are discussed. Factors influencing the 
design of suitable structural models and the theoretical strategies for computing their 
structures, energies and properties are presented before describing the calculations on a 
number of redox-active enzymes containing one or more of Cu, Co, Ni, Fe and Mo. 

Keywords Transition metal • Redox enzyme • Active site • Mechanism 
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ET 


Electron transfer 


EXAFS 


Extended X-ray absorption fine structure 


FeMoco 


Iron molybdenum cofactor 


GO 


Galactose oxidase 


HAT 


Hydrogen atom transfer 


HF 


Hartree-Fock 


IMOMM 


Integrated molecular orbital/molecule mechanics 


LDA 


Local density approximation 


LSD 


Local spin density 


MM 


Molecular mechanics 


MMO 


Methane monooxygenase 


MO 


Molecular orbital 


MSXa 


Multiple scattering Xa 


N 2 ase 


Nitrogenase 


QM/MM 


Quantum mechanics/molecular mechanics 


RNR 


Ribonucleotide reductase 


TM 


Transition metal 


TS 


Transition state 


woe 


Water oxidising complex 


XnO 


Xanthine oxidase 



1 

Introduction 

Density functional theory (DFT) has revolutionised the quantum chemical 
treatment of systems containing transition metal (TM) centres [1, 2]. Al- 
though this revolution is really less than 20 years old, DFT has existed in 
various simplified guises for much longer — most notably for TM chemists 
in its Xa form [3, 4]. 

The Xa model is an exchange-only version of DFT and its most popular 
implementation employed the multiple scattering theory of plane waves with 
respect to the so-called “muffin tin” potential. The latter assumed each atom 
was surrounded by a spherical potential with a constant potential outside 
these spheres. Within each sphere, the Slater exchange expression was multi- 
plied by a constant, a, which was normally chosen such that the Xa atomic 
energy matched its corresponding Hartree-Fock value [5]. Outside the 
atomic spheres, a weighted average value of a was used and, if the system 
carried a net charge, the whole ion was encased in a Watson sphere of equal 
but opposite charge. 

The multiple scattering Xa (MSXa) model was successfully applied to the 
electronic structures of a number of TM species but the model suffered from 
a serious drawback. The spherical averaging of the potential leads to unreal- 
istic geometries. For example, the MSXa predicts water to be linear. Two im- 
portant developments were needed before the Xa scheme would become 
more useful. First, shape approximations of the molecular potential had to 
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be replaced by more accurate treatments [6] and second, analytical expres- 
sions for the energy gradients were needed [7]. 

Energy gradients allowed optimal geometries to be computed automati- 
cally. However, while the Xa method gave quite good electronic structures 
[8-13] it gave quite poor geometric structures, even with accurate potentials, 
which necessitated the rapid development of improved functionals. The sim- 
plest functional is the local density approximation (LDA), which has both 
exchange and correlation [14] terms constructed within the uniform elec- 
tron gas model. While a good starting point, the LDA suffers from a number 
of problems and has largely been replaced by the plethora of extended and 
enhanced functionals available today. 

Contemporary DFT combines both the reasonable description of the elec- 
tronic structures of TM compounds with excellent geometries and has 
rapidly supplanted the more ‘traditional’ Hartree-Fock approximation. Its 
impact is especially marked in the field of bioinorganic chemistry and this 
review focuses on developments and applications of DFT to TM species of 
biological relevance and brings together various themes in quantum 
bioinorganic chemistry which have themselves been recently reviewed [15- 
21 ]. 

Nature employs TM ions in many diverse ways but the most significant 
for the present purpose is to mediate redox chemistry. Hence, the coverage 
will be restricted to TM systems which are associated with a change in the 
metal’s oxidation state. This admittedly subjective choice basically precludes 
zinc enzymes like, for example, carbonic anhydrase, and structural proteins 
like the zinc fingers but is further justified here in that the theoretical treat- 
ment of zinc systems is, compared to redox-active TM species, substantially 
easier. We will concentrate on metalloenzymes and, in particular, on the cat- 
alytic chemistry occurring at the active site. 



1.1 

Density Functional Theory 

Some technical aspects of DFT are covered elsewhere in these volumes and 
more detailed treatments can be found in the literature [2, 22-24] so only a 
brief resume need be repeated here. The essence of the model is the density 
functional theorem which states that there is a unique relationship between 
the ground state electron density and the total energy. Thus, in principle, if 
the true density, p, is known, the exact energy E=E[p] can be computed. 
The density p is a function of the electronic coordinates and £ is a function 
of p — i.e. £ is a functional — a function of a function. 

The density functional theorem states that £ exists but provides no way 
to derive its explicit form. In particular, there is no explicit equation for the 
exchange/correlation term, v xc , which embodies all the difficult quantum 
mechanical interactions between the particles in the system. We are forced 
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to make approximations before reaching closed expressions which can be 
coded up for digital computation. The usual starting approximation is based 
on the uniform electron gas approximation. Assuming that the electron (and 
nuclear) charge density is constant throughout all space, it is possible to 
separate the exchange/correlation potential into explicit parts. Furthermore, 
each part has a more or less simple dependence on the value of the electron 
density. For example, the exchange potential at a point in space, v x is pro- 
portional to p 1/3 at that point. In this sense, the exchange is local and con- 
trasts with the exchange expression from, say, Hartree-Fock (HF) theory 
where the value of the potential at a given point involves integrating over all 
space. The HF exchange is non-local. 

The local nature of the exchange and correlation makes them easier to 
compute and is essentially where the computational efficiency of DFT comes 
from compared to, say, HF theory. The exchange potential is particularly 
simple to evaluate but the expressions for correlation are more complicated 
and rather than use them directly, accurate calculated values of the correla- 
tion energy as a function of p [25] have been fitted by Vosko, Wilk and 
Nusair [14]. The VWN treatment of correlation is commonly available in 
electronic structure codes and, together with the uniform electron gas ex- 
change forms what is commonly known as the local density approximation. 
For paramagnetic systems where a different treatment of up-spin vs down- 
spin electron density is required, the LDA has been generalised to give the 
local spin density (LSD) approximation [26, 27]. 

The LDA was extensively employed to compute the properties of extended 
systems but applications to molecular systems met initially with some scep- 
ticism. After all, how could a model based on a uniform electron gas possi- 
bly apply to a molecule where the electron density is far from uniform? This 
attitude was probably exacerbated by the (incorrect) perception that the ear- 
lier Xa approach was itself an approximation to the HF model and so could 
not possibly be better. Given that the single determinant HF method was 
known to be a poor approximation for TM organometallic species [28], the 
LDA was not expected to fare much better. In the event, the LDA worked sur- 
prisingly well but it tends to overbind leading to too short bond lengths and 
too high ionisation potentials [7]. In response to this shortcoming, a wide 
variety of new functionals have been proposed which generally try to take 
into account the inhomogeneity of the electron density. 

Despite much development, the ‘perfect’ functional has not yet been dis- 
covered but many in common use are capable of acceptably accurate results. 
Perhaps the most popular current functional is not a pure DFT construct at 
all. In an attempt to improve the accuracy of the exchange energy, Becke 
mixed HF exchange with pure local density exchange and empirically fitted 
the resulting hybrid exchange functional to give the best agreement with ex- 
perimental atomisation energies, proton affinities and ionisation potentials. 
In conjunction with the correlation functional of Lee, Yang and Parr, the hy- 
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brid functional B3LYP [29-32] has become established over the last decade 
or so, as the de facto standard for all manner of DFT applications. No doubt 
this popularity is helped by the ready availability of B3LYP in widely used 
program systems such as Gaussian, GAMESS, Turbomole and Jaguar but 
more importantly, B3LYP by and large gives good results. ‘Pure’ functionals 
are less popular but, despite their apparent shortcomings — too low reaction 
barriers, a tendency to favour low-spin states — there are nevertheless still 
plenty of applications often employing the Amsterdam Density Functional, 
DMol and DeMon programs. 

1.2 

Computational Methods in Bioinorganic Chemistry 

As with other areas of TM chemistry, DFT has had an enormous impact on 
bioinorganic systems involving TM active sites. Most workers favour the 
B3LYP hybrid functional but, given the various approximations inherent in 
any calculation, the ultimate choice of functional and basis set is secondary 
to a verification and validation that the particular combination you are using 
is suitable for the task. For example, structural accuracy may be sacrificed if 
the energetics remain satisfactory. Wirstam et al. [33] have successfully em- 
ployed the diimine ligand system shown in Fig. la as a model for the heme 
unit, Fig. lb. Despite the obvious geometric structure differences, the elec- 
tronic structures are sufficiently close to provide similar energetic results. 
This serves to re-emphasise the importance of careful validation of the com- 
putational protocols prior to embarking on extensive analyses of enzymatic 
processes. The validation process is usually a comparison with experimental 
data, often on smaller but related systems. Alternatively, if one is interested, 
say, in the chemistry of homolytic O-H bond cleavage to generate oxygen- 
centred radicals, the method can be validated against much higher levels of 
theory which would be impractical for the subsequent study. The most con- 
vincing computational work will employ one or both of these procedures. 
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Fig. 1 a Cut down ‘electronic’ model for heme, b Full model for heme 
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2 

Active Site Chemistry 

Most quantum chemical modelling studies deal with active site chemistry. 
That is, the calculations do not really focus on how substrates and products 
get to and from the active site. Rather, they concentrate on the sequence of 
events following the arrival of substrate in the active site pocket and seek to 
uncover the mechanism of conversion of substrate to one or more interme- 
diates and/or product. The obvious reason for such an approach is the as- 
sumption that the vast bulk of the protein molecule can be ignored but rais- 
es the thorny issue of whether this is a valid assumption. In practical terms, 
it is not possible (and arguably not desirable) to treat the entire protein 
quantum mechanically. Moreover, since one of the main roles of the protein 
is substrate selection and delivery to the active site, and since the computer 
modeller has explicit control over this feature, one might conclude that there 
is no need to consider the bulk of the protein molecule. However, the protein 
backbone may exert a structural influence on the active site — the entatic 
state [34] — while the groups around the active site produce an electrostatic 
field different from the in vacuo state which is the default domain of quan- 
tum chemistry. In summary, it is obviously critically important to develop a 
reasonable chemical model of the active site if any conclusions drawn from 
the calculations are to be believed. 

2.1 

Active Site Models: Experimental Considerations 

The normal starting point for building an active site model is the single 
crystal X-ray structure of the relevant, or a closely related, protein or en- 
zyme. Three types of ligating groups can be distinguished at this stage: 1) 
amino acid side chains, 2) cofactors such as the heme group or molyb- 
dopterin and 3) exogenous groups such as water molecules and the sub- 
strate(s). Coordination of the metal by the first two groups tends to remain 
largely unchanged although a side chain donor may detach and then reat- 
tach. The X-ray structure usually gives an excellent, unambiguous idea 
about the nature of these coordinating groups. A good example, to which we 
will return, is the Type I copper centre in plastocyanin (Fig. 2). The metal 
mediates an electron transfer process during photosynthesis and the protein 
has been crystallised under a variety of conditions (see, for example, [35]). 
Both oxidised and reduced forms have been studied and the metal remains 
essentially four-coordinate throughout, attached to the protein via the side 
chains of two histidine residues, a methionine and a cysteine. 

Typically, the full amino acid is replaced by a simplified ligand which only 
models the metal-ligand interaction. For example, histidine is replaced by 
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Fig. 2 Active site structure of oxidised form of plastocyanin. The hydrogens have been 
removed for clarity 



imidazole, cysteine by methyl thiol, tyrosine by phenol, side chains binding 
via carboxylate group by acetate, methionine by dimethyl sulfide and so on. 

Coordination of the active site metal by water molecules and substrates is 
obviously much more variable and the X-ray structure may be of little assis- 
tance. In order to determine experimentally the orientation of the substrate, 
a crystal would need to be grown with the substrate bound. Notwithstanding 
the problems of obtaining X-ray quality crystals in the first place, by its very 
nature, the enzyme will attempt to convert the substrate to product and cap- 
turing a ‘bound state’ may not be possible. However, many reactions require 
an additional reactant — say a molecule of 0 2 — and thus the substrate-bound 
form may remain stable under anaerobic conditions. The structure of cate- 
chol dioxygenase with substrate bound has been determined in this way [36]. 

Although single crystal X-ray diffraction studies are considered more or 
less definitive depictions of the three-dimensional structure, there are signif- 
icant problems both with growing crystals and with the final resolution of 
the data. The errors on bond lengths can be substantially larger than those 
for ‘small molecule’ systems and hydrogen atom positions can never be ex- 
plicitly refined. This can lead to a certain chemical ambiguity in that the 
structure might suggest a metal-oxygen interaction but may not be able to 
distinguish between terminal metal-oxo, M=0, metal-hydroxo, M-OH or 
metal water, M-OH 2 . Such ambiguities can usually be resolved by recourse 
to other experiments. 

Extended X-ray absorption fine structure (EXAFS) spectroscopy is a pow- 
erful complementary technique since single crystals are not required. EXAFS 
gives element-specific information and has a higher resolution than single 
crystal diffraction albeit restricted to a range of a few Angstroms from the 
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target nucleus. An illustrative example of the interplay between single crystal 
X-ray diffraction and EXAFS spectroscopy concerns the details of the active 
site of the molybdenum-containing enzyme xanthine oxidase (XnO). Single 
crystals of XnO were not available but the structure of the closely related en- 
zyme, aldehyde oxidoreductase, had been solved [37]. Unfortunately, the 
conditions under which the crystals of the latter were grown resulted in 
an inactive form where the Mo=S group was replaced by a Mo=0 moiety to 
give a five coordinate Mo(pterin)0 3 . However, EXAFS data on native XnO 
were consistent with two sulfur atoms at about 2.34 A, another sulfur at 
2.10 A, an oxygen at 1.75 A and a further oxygen at 1.98 A. These results 
were interpreted as being consistent with a [Mo(pterin)(S)(0)(OH 2 )] or 
[Mo(pterin)(S)(0)(OH)] _ active site. The latter was further supported by 
DFT calculations [38] which matched the Mo-0 contact at 1.98 A with Mo-OH 
rather than Mo-OH 2 . The latter bond length was calculated at over 2.1 A. 

For very complicated systems, one must be cautious about over-interpret- 
ing the experimental structural data. For example, the active site of the iron 
molybdenum cofactor (FeMoco) in nitrogenase (N 2 ase) is a large, complex 
iron-sulfur cluster with a Mo centre at one end (Fig. 3). An enormous 
amount of experimental and computational effort has been expended on this 
system driven, in large measure, by the structural data reported by Kim et 
al. in 1993 [39]. Given the enormous structural and electronic complexity of 
this site, a variety of proposed dinitrogen binding sites have emerged with 
the requisite computational support. However, in 2002, further refinement 
of the X-ray diffraction data apparently located an additional atom buried in 
the middle of the cluster [40] which calls all the previous theoretical work 
into question since it was based on an apparently incomplete structural 
model. We will return to N 2 ase later. 

Another issue about active site models concerns the possible roles played 
by groups not directly attached to the metal centre(s), and which therefore 
may not figure in the model built for the calculations, but which are never- 
theless crucial to the activity of the enzyme. Obviously, there is a big prob- 
lem if these roles are not recognised. However, in cases where, say, site di- 
rected mutagenesis experiments have revealed a critical role for some group 
or groups, the modeller needs to give serious consideration to how to in- 
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Fig. 3 Schematic representation of FeMoco cluster from nitrogenase 
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elude these features in his or her calculations. Several examples will be cov- 
ered below. 

2.2 

Active Site Models: Computational Considerations 

Having collected the available experimental data one tries to construct what 
looks like a reasonable model. Small ligands such as water or dioxygen can 
obviously be fully treated but many of the other ligands will have to be trun- 
cated [41]. For amino-acid side chains, there is usually an obvious choice. 
For example, histidine can be replaced by imidazole, methionine by dimeth- 
yl sulfide, tyrosine by phenol, cysteine by methylthiol and so on. 

If additional, uncoordinated side chain groups are believed to be in- 
volved, perhaps the best solution is simply to include them from the begin- 
ning although in the absence of the entire protein, these groups need to be 
anchored in some way to maintain their positions relative to the complete 
enzyme structure. Siegbahn and co-workers have exploited this procedure 
to good effect on many occasions [18, 20]. 

More complicated cofactors such as molybdopterin and heme could, with 
modern powerful computers, also be modelled in their entirety. Alternative- 
ly, a physically smaller yet electronically reasonable model system can be de- 
veloped like the heme replacement shown in Fig. 1 . 

The next vexing issue concerns how to treat the active site environment 
and how this might impinge on the overall charge of the model system. In 
gas phase calculations, the overall system charge has a large effect on molec- 
ular orbital (MO) energies. For cations, the MOs are depressed while for an- 
ions, they are elevated. This can cause substantial problems for modelling in 
vacuo chemical reactions which actually occur in condensed phases. For ex- 
ample, while a simple aquation reaction in which water replaces, say, a ha- 
lide anion is a perfectly reasonable solution process, in the gas phase, the 
calculation may not behave properly and may not generate an X - species ir- 
respective of how far it is removed from the metal centre. 

Another problem is for multiply charged anions which, in the gas phase, 
generate occupied MOs with positive energies which is physically unreason- 
able. In reality, such a condition should result in spontaneous ionisation but 
the finite extent of the basis functions does not permit an electron to escape 
into the ionisation continuum. 

The answer to these issues is to take some account of the environment 
which, after all, is required for the system to be stable in the first place. The 
simplest computational approach is to embed the model system in a contin- 
uum dielectric with a dielectric constant chosen to simulate the environ- 
ment. There has been some debate about what the effective dielectric con- 
stant for the interior of a protein should be. Based on a combination of ex- 
perimental measurements and theoretical simulations [17, 42, 43] the interi- 
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or of a protein has a low value (2-3) while the outer aqueous solution has 
e~80. In the absence of a full atomistic simulation of the entire protein and 
the solvent (where the dielectric constant used in the simulations would ob- 
viously have to be one) most authors use four as a suitable average value. 

An alternative to the continuum model is to model the protein electro- 
static field directly. This is normally achieved by carrying out a hybrid quan- 
tum mechanics/molecular mechanics (QM/MM) treatment in which the ac- 
tive site model is treated with DFT while the rest of the protein is modelled 
via classical molecular mechanics (MM) [44]. The MM charges then implic- 
itly define the dielectric inside the protein. In either event, it appears that 
excessive charges are to be avoided. That is, the quantum mechanical part of 
the model system will normally not have an overall charge greater in magni- 
tude than one. 

An often critical feature of TM centres in metalloenzyme active sites is 
their spin states. Most biologically relevant TMs can exist in multiple oxida- 
tion states and each one can have several spin states. Iron is particularly 
noteworthy with both d 6 Fe 11 and d 5 Fe m each possessing three possible spin 
states. For mono-metal centres such as heme units, there can be the addi- 
tional complication of the redox state of the porphyrin ring itself while in 
iron-sulfur clusters with up to four Fe centres, the possible magnetic cou- 
plings are extremely complex. Moreover, the energy differences between 
these various possibilities can be very small indeed which presents a signifi- 
cant challenge to DFT. 

Finally, transition metals are heavy atoms and one should consider 
whether relativistic effects need to be considered [45]. In general, apart from 
using a relativistic effective core potential, relativity is not included for first 
and second-row metals but must be treated for third-row species. The rela- 
tivistic effect can be broken down into three components — the Darwin cor- 
rection (mass-velocity), the ‘Zitterbewegung’ and spin-orbit coupling. The 
former two are more or less straightforward to implement and capture most 
of the relativistic energy. 



3 

Applications 

The aim of this section is to illustrate the main features of DFT modelling in 
bioinorganic systems via a number of selected examples. 

3.1 

Plastocyanin and the 'Entatic State' 

The three-dimensional structure of plastocyanin was among the first metal- 
loenzyme structures to be solved. Prior to this, there had been much specu- 
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lation as to the nature of the coordination geometry around the active site 
stimulated by a set of highly unusual spectroscopic properties [46]. 

The structure of the oxidised form showed basically a four-coordinate 
Cu 11 centre bound by two histidines, a deprotonated cysteine and a methio- 
nine in a distorted tetrahedral arrangement with the [Cu(his) 2 (cys)] + frag- 
ment forming a trigonal unit with an axial methionine residue weakly bound 
at about 2.8 A (Fig. 2). 

The active site structure of plastocyanin became an archetypal example 
of the ‘entatic state’. The term entatic state was originally coined by Vallee 
and Williams [34] and brought together a number of ideas including the ear- 
lier ‘rack mechanism’ of Malmstrom [47]. 

The entatic state described the appealing proposition that the protein 
molecule enforces a special geometry on the metal centre designed to en- 
hance the latter’s catalytic activity. The Type I Cu centre in plastocyanin in- 
volves a redox change at the copper centre which cycles between +2 and +1 
oxidation states. A typical coordination geometry for a Cu 2+ centre is planar 
and this oxidation state favours N and 0 donors. In contrast, Cu + favours 
tetrahedral geometry and P/S donors. Since electron transport is enhanced 
by minimising the reorganisation energy, the optimal coordination geome- 
try is expected to be a combination of the typical coordination requirements 
of both oxidation states. The actual Type I geometry is two N donors and 
two S donors in a distorted geometry intermediate between planar and 
tetrahedral and therefore appears to be perfectly designed for mediating the 
redox change at the copper centre. However, since the mixed donor/distort- 
ed tetrahedral structure is apparently suited to neither oxidation state, the 
conclusion drawn was that the protein backbone must be enforcing the 
structure and holding the geometry in place to facilitate the redox change, a 
conclusion supported by the observation that the protein structure is not 
significantly altered when the copper is removed. The activation energy is 
thereby reduced via ground state destabilisation. 

This view of the entatic state of Type I copper centres held sway for two 
decades. However, in 1996, Ryde became interested is trying to estimate the 
magnitude of the entatic state energy and used DFT calculations [48], The 
idea was to build reasonable models for the oxidised and reduced active 
sites and compare the energies of the fully relaxed structures with those 
constrained to be at the X-ray crystallographic coordinates. The model sys- 
tem was [Cu(imidazole) 2 (SMe)(SMe 2 )] n+ , where n=l or 0. The unexpected 
result was that the DFT-optimised structure of the oxidised model system 
(n=l) was essentially the same as that from the experimental X-ray crystal 
structure and that there was little energy difference between reduced and 
oxidised forms. Ryde concluded that the protein does not enforce the Type I 
geometry. Instead, it is a natural consequence of the donors. In particular, 
the structure appears to be dominated by the alkyl thiolate ligand which was 
known to be very covalent from earlier theoretical and experimental work 
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from the Solomon group [49, 50]. Ryde’s calculations appear to show that 
the role of the protein is not to enforce an unusual geometry which leads to 
ground state destabilisation but rather to provide a set of ligands and pro- 
tection of the active site from attack. Compared to ‘small molecule’ copper 
complexes, the ligand set supplied by the protein is unusual. Alkyl thiolates 
are generally unstable and lead to reduction of the copper centre. Hence, the 
protein plays a vital role, but the calculations are not consistent with an 
entatic state in this instance. Ryde extended the calculations to include the 
whole protein [51] which, on the one hand, gave still better agreement with 
experimental structures and, on the other, continued to suggest the lack of 
an entatic state, or, as the authors put it, ‘the blue copper proteins are not 
more strained than other metalloproteins’ [51]. 

These conclusions are controversial. The current state of play appears to 
be something of a stalemate. Gray, Malstrom and Williams [35] propose that 
what is needed is ‘a first principles calculation of a blue copper reorganisa- 
tion energy that includes all inner-sphere and outer-sphere (protein and sol- 
vent) contributions’. Such a calculation is not yet possible. Moreover, there 
are some problems with the in vacuo theoretical models especially the axial 
binding in the reduced state. The X-ray structures give very much longer 
contacts than theory although the energetic consequences are computed to 
be relatively small [48]. Moreover, it is possible to modify the properties of 
the protein by mutating groups which are not bound to the metal and do 
not feature in the DFT model. 

The question of the entatic state in Type I copper centres looks set to enter 
a new phase of controversy. Szilagyi et al. [52] have reported the ‘spectro- 
scopic calibration of DFT’ which suggests a problem with calculations on 
copper(II) species. Experimental data on [CuCl 4 ] 2 ” give a metal spin density 
of 0.62 but ‘standard’ DFT calculations give a much lower value, a result 
which appears to be independent of functional (BP86 and B3LYP were tested) 
or basis set. The authors conclude that the calculations overestimate the met- 
al-ligand covalency. However, the experimental spin density can be recovered 
by refitting the parameters of the B3LYP functional or, in the case of the ADF 
program, by modifying the nuclear charge of the metal centre. In addition to 
getting the metal spin correct, geometries, vibrational frequencies and excit- 
ed state energies are all brought into better agreement with experiment. 

Using the ADF program, the present author used the same trick of modify- 
ing the Cu nuclear charge to fit the EPR g-values of the tetragonal complex 
[Cu(dien) 2 ] 2+ (dien=diethylenetriamine) [53]. In the process, the calculated d- 
d transition energies also came into line with experiment. Both studies begin 
to reveal that there may be more deep-seated problems with DFT calculations 
on copper systems than had been realised. They may be due to the self-inter- 
action energy [54, 55] which might be expected to increase as the d orbitals 
fill towards the right side of the transition series. At the time of writing, the 
author was aware that the Solomon group has applied their ‘retuned’ B3LYP 
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functional to the active site models of plastocyanin used by Ryde but now the 
DFT optimised structures of the isolated active site models are not the same 
as that found experimentally in the complete protein molecule. Apparently, 
the protein does exert a structural entatic state influence on the metal centre. 

The protein also exerts an electronic influence in that the electrostatic en- 
vironment has a major effect on the reduction potential and hence the whole 
protein and its surrounding solvent need to be included in any calculation 
[56], It is impractical to compute the entire system quantum mechanically. 
Instead, hybrid QM/MM methods offer the best balance between accuracy 
and computational efficiency. 

Olsson et al. [56] advocate the frozen DFT method and have applied it to 
calculating the reduction potentials in plastocyanin and rusticyanin — Type I 
blue copper proteins which have very similar active sites but widely different 
reduction potentials of 375 and 680 mV respectively. The protein is divided 
into three regions — the copper and its immediate ligands which are treated 
by full DFT, an outer region where the atoms are represented by (frozen) 
electron densities, and finally the rest of the system where the electrostatics 
are represented by classical point partial charges. While this scheme gives a 
good description of the electrostatics and is relatively efficient, there re- 
mains the problem that a reasonable sampling of the protein conformations 
is necessary to get reliable free energy estimates. The authors conclude that 
no QM/MM method is fast enough and that we will have to rely on suitably 
parameterised classical schemes for the time being. 

3.2 

Free Radical-Containing Enzymes 

Himo and Siegbahn have published a comprehensive review of quantum 
chemical studies of radical-containing enzymes and this section draws heav- 
ily on their work [16]. The topics involving TM active sites are listed in 
Table 1 although the authors also discuss metal-free systems such as glycl 
radicals and prostaglandin H synthase, which employ a tyrosyl radical. We 
will restrict ourselves to describing a few suitable examples which illustrate 
the main feature of quantum bioinorganic modelling. 

The majority of the calculations employ the B3LYP functional which has 
been shown to give very satisfactory results. In many cases, the enzyme en- 
vironment is described via a dielectric continuum with e=4 and, with some 
models, certain atoms are fixed at their X-ray structure coordinates. Al- 
though the models used are quite sophisticated and have the advantage over 
experimental methods that short-lived species such as transition states 
(TSs) can be studied just as easily as longer-lived species, the authors cau- 
tion that the error in calculated reaction barriers is of the order of 3-5 kcal 
mol -1 . Nevertheless, it is often possible to exploit theoretical calculations at 
least to dismiss energetically unreasonable mechanisms and to suggest via- 



50 



R.J. Deeth 



Table 1 Metalloenzyme systems discussed by Himo and Siegbahn [16] 


System 


Active 
site TMs 


Remarks 


Class I ribonucleotide reductase 


Fe 2 


Uses 0 2 to generate tyrosyl radical 


Coenzyme B 12 -dependent enzymes 


Co 


Homolytic Co-C bond cleavage 
to generate Co 11 plus radical 


Water oxidation by Photosystem II 


Mn 


Mononuclear Mn complex as initial model 


and Mn 4 


for complete system 


Galactose oxidase 


Cu 


Type II copper enzyme 


Amine oxidase 


Cu 


Initial species: Cu(II)-superoxo-tyrosyl 
radical 


Cytochrome c peroxidase 


Fe 


0-0 bond cleavage with tryptophan radical 


Cytochrom P450 s 


Fe 


Ferryl heme radical cation active oxidant 


Cytochrome c oxidase 


FeCu 


0-0 bond cleavage 



ble alternatives. When harnessed with reproducing the available experimen- 
tal data, DFT provides a very powerful tool for studying enzyme catalysis. 

3.2.1 

Class 1 RNR 

Class 1 ribonucleotide reductase (RNR) comprises two proteins, R1 and R2, 
both of which have been structurally characterised. A schematic representa- 
tion of the conserved residues plus the extra details of the DFT active site 
model in the R2 region are shown in Fig. 4 (see [16] and references therein). 
The latter comprises about 80 atoms. The side chain connections to the 
backbone were replaced by H atoms and, for those residues not anchored by 
direct coordination to a metal or by indirect coordination via bridging hy- 
drogen bonded water molecules, the H atom positions (indicated by aster- 
isks in Fig. 4) are fixed at the X-ray structure position suitably adjusted for 
the change from C-C to C-H bonds. This model is among the most sophisti- 
cated and complex amenable with current computational power. 

The complete catalytic reaction is a complicated multi-step process ne- 
cessitating a large number of calculations. Just to investigate tyrosyl radical 
formation and the initiation of radical transfer required nearly 100 struc- 
tures to be optimised. To speed this process up, B3LYP optimisations are 
carried out with a relatively small basis set. When stationary points — local 
minima and transition states — are located, their energies are recalculated 
using much larger basis sets. This procedure has been proven to give reliable 
reaction pathways. It is more important to calculate accurate energies than 
to insist on highly accurate structures especially as the errors in the latter 
due to using small basis sets will be propagated throughout the pathway 
leading to substantial cancellation. 

In conjunction with the available experimental data, a reasonable mecha- 
nism for most of the process has been proposed. Following 0 2 binding to 
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Fig. 4 Conserved residues participating in the proposed hydrogen-bonding long-range 
transfer chain between the substrate site in protein R1 and the tyrosyl radical in protein 
R2 of E. coli RNR. The DFT model replaced the asterisked carbon centres in R2 by H 
atoms fixed at the appropriate crystallographic coordinates (After Figs. 1 and 2 of [16]) 



the diferrous iron dimer and formation of a diferric peroxide, the 0-0 bond 
cleaves at the same time as an electron is transferred from Trp48 to generate 
an Fe 2 (III,IV) intermediate, X, which has recently been studied directly by 
rapid-freeze-quench magnetic circular dichroism [57] which confirms a 
mono-oxo-bridged structure. An electron then comes in from outside to the 
Trp48 cation radical and a proton simultaneously binds to the iron dimer, 
ending up on the bridging ji-oxo group. To create the Tyrl22 radical re- 
quires an electron and a proton transfer. At this point, we see the interplay 
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between theory and experiment in that the calculations suggest that in order 
to obtain a reasonable reaction barrier, an additional water molecule needs 
to be inserted between Tyrl22 and an iron bound water (see highlighted box 
in Fig. 4). The rest of the reaction including that with the substrate in pro- 
tein R1 is described in detail by Himo and Siegbahn [16]. In summary, a sig- 
nificant amount of detailed and painstaking computation coupled with all 
the available experimental evidence is capable of elucidating the reaction 
mechanism of complicated enzymatic processes. 

3.2.2 

Co-enzyme B 12 -Dependent Enzymes 

Co-enzyme B 12 contains cobalt coordinated by a corrin ring and one of the 
few metal-carbon bonds known in biology (Fig. 5). It assists in a number of 
enzymatic reactions including the rearrangement reaction where a function- 




Fig.5 Schematic representation of cobalt active site in co-enzyme B 12 
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al group X swaps places with a hydrogen on an adjacent carbon centre. The 
generally accepted mechanism involves initial homolytic fission of the Co-C 
bond to give Co(II) and a 5'-deoxyadenosyl radical (Ado-CH 2 -)- Naturally, 
the strength of the Co-C bond is crucial and recent theoretical work has 
been reviewed [58]. 

The Co-C bond energy has been measured for model systems in solution 
to be ~31 kcal mof but the rate accelerations observed in enzyme catalysis 
suggest this value must be reduced by ~15 kcal mol -1 . The source of this 
bond weakening seems ideally suited to computational investigation. Calcu- 
lations in which the trans Co-N distance is varied substantially (~0.5 A) or 
the axial donor is replaced by a variety of other ligands do not alter the 
Co-C bond energy significantly. Elongation of the Co-C bond itself weakens 
the interaction with the Co-R bond dissociation energy (BDE) for R=tert- 
butyl about 15 kcal mol -1 lower than for R=methyl. However, the central is- 
sue of how the protein provides this 15 kcal mol -1 bond stretching energy 
remains unanswered. Thus, while a problem may at first sight appear amen- 
able to calculation, there is no guarantee that theory will provide quick and 
easy answers. This problem continues to provide a challenge for computa- 
tional chemists. 

3.2.3 

Water Oxidation in Photosystem II 

The next illustration of how DFT can be applied to bioinorganic systems is 
the oxidation of water in photosystem II. Two different tyrosyl radicals have 
been detected with one of them, Tyr z , near the water oxidising complex 
(WOC). The WOC involves a Mn 4 cluster which mediates the evolution of 
one molecule of 0 2 from a molecule of water for every four photons ab- 
sorbed. 

The oxidation and subsequent reduction of Tyr z are important at all stag- 
es of this process but the question of how the tyrosine is reduced has been a 
major issue. The two leading hypotheses are illustrated in Scheme 1. Path- 
way A involves a hydrogen atom transfer (HAT) but has been criticised in 
favour of a more conventional electron transfer (ET) process, pathway B. 
DFT calculations were used to try and determine which pathway is more 
likely. However, the detailed structure of the active site was unknown at that 
time. There is now a fairly low resolution structure available but in any case, 
trying to model the Mn 4 system would be a daunting computational task. 
Instead, the important feature of the reaction was identified [16] as the oxi- 
dation of Mn(III) to Mn(IV) which experimentally has an activation free en- 
ergy of about 12 kcal mol -1 . 

The mononuclear model shown in Fig. 6 was developed but the activation 
free energy for the HAT process was too high. One might suppose that the 
chemical model was at fault, being too simplistic a representation of the true 
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Scheme 1 Tyrosine oxidation/reduction pathways in photosystem II 

active site. However, the authors were able to verify independently using a 
Marcus theory approach that the DFT result was internally consistent giving 
confidence that despite the apparent differences between the real WOC and 
the model system, the essential chemistry was captured correctly [16]. Fur- 
ther calculations for the ET pathway yielded an activation free energy of 
10.6 kcal mol -1 , in good agreement with experiment. 

There were some problems with the separate enthalpic and entropic con- 
tributions which could be attributable to tunnelling effects and the nature of 
the model system. However, the advantage of these calculations is that not 
only do they suggest the ET pathway as most likely, they also provide a good 
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Fig. 6 Mononuclear active-site model for PSII 
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starting point for extending the computational model. Transition state struc- 
tures along the proposed pathways are extremely difficult to locate even for 
the relatively simple system shown in Fig. 6. Without a good starting point, 
locating a TS using a more sophisticated cluster with all four manganese 
centres and their attendant ligands would be very challenging indeed. Fortu- 
nately, the TS structures of the simple model are not expected to change sig- 
nificantly and will provide excellent guidance for further calculations. 

3.2.4 

Galacatose Oxidase 

Galactose oxidase (GO) catalyses the two-electron oxidation of primary al- 
cohols to aldehydes. It contains a single type II copper centre. The enzyme 
employs the metal and a protein radical cofactor to effect the chemistry. The 
crystal structure shows a square pyramidal five-coordinate copper site with 
the metal coordinated by two histidines, two tyrosines and a water or acetate 
ligand. The equatorial tyrosine, Tyr272, has an interesting crosslink to a cys- 
teine group ortho to the tyrosine oxygen. 

The reaction shown in Scheme 2 has been modelled with imidazoles in- 
stead of the histidines, the equatorial tyrosine with an SH substituted phe- 
nol, vinyl alcohol as the axial tyrosine and methanol as substrate. The rest of 
this tyrosine and the backbone link between it and His496 were treated via 
molecular mechanics using the IMOMM (integrated molecular orbital/mole- 
cule mechanics) approach designed by Maseras and Morokuma [59]. Con- 
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Scheme 2 Possible catalytic cycle for galactose oxidase 
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Fig. 7 Energetic profile (kcal mor 1 ) for the galactose oxidase reaction scheme shown in 
Scheme 2 (After [16]). Numbers in bold refer to structures in Scheme 2. Other numbers 
refer to energies (kcal mol -1 ) relative to the resting state structure 1 



trary to the accepted picture, the radical site prior to proton transfer (1 in 
Scheme 2) is not the equatorial cysteine-substituted tyrosine. The energetics 
of the reaction are shown in Fig. 7 and illustrate that enzymatic processes 
are often multi-step and demand a serious amount of computation. 

3.3 

Iron-Containing Enzymes 

RNR I contains a diiron centre as does methane monooxygenase (MMO). 
Before discussing MMO, we consider the hugely important class of systems 
containing iron heme units. Many of these systems also involve free radicals 
at some stage. 

3.3.1 

Heme Peroxidases 

Heme-containing peroxidases use H 2 0 2 generally to oxidise a variety of 
small aromatic substrates. Cytochrome c peroxidase (CCP) is somewhat dif- 
ferent and has cytochrome c as its redox partner [16]. 

The mechanism for (most) heme peroxidases is believed to be as shown 
in Scheme 3. The first step involves 0-0 bond cleavage and the resultant for- 
mation of an oxyferryl unit and an attendant radical. In most cases, the rad- 
ical is located on the porphyrin ring leading to Compound I. The electronic 
structure of Compound I is subtle and has itself been the subject of a num- 
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Scheme 3 Proposed catalytic cycle of heme peroxidases 




Fig. 8 Structural model used to explore the TS for 0-0 bond cleavage in CCP 
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ber of computational studies [33, 60-63]. However, for CCP, the radical is lo- 
cated on Trpl91. 

The Siegbahn group has studied both the initial 0-0 bond cleavage and 
the subsequent role of Trpl91 and the details can be found elsewhere [33]. 
For the purposes of this review, we note that experimental site-directed mu- 
tagenesis had established an important role for His52 and was duly included 
in the quantum mechanical model of the 0-0 cleavage transition state, a 
representation of which is shown in Fig. 8. However, this residue is not be- 
lieved to play an important role in determining the spin density distribution 
of the subsequent ferryl species and could safely be removed. Instead, 
Trpl91 was added along with the intervening Asp235 which forms a bridge 
to the coordinated Hisl75. The final spin distribution, based on a quartet 
state, placed about half a spin on a deprotonated Trpl91, about half on the 
porphyrin ring and unit spins on both the iron and the oxo moieties which 
is in reasonable agreement with the experimental conclusion of a deproto- 
nated tryptophan radical. 

3 . 3.2 

Methane Monooxygenase 

MMO shares certain structural similarities with RNR I but MMO probably 
does not involve free radicals and so was not included above. Lovell et al. 
[15] have recently reviewed the current state of DFT calculations on both 
MMO and RNR. 




Fig. 9 X-ray crystallographic active site detail of the resting state of MMO [64]. Most side 
chain hydrogens have been removed for clarity 
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Fig. 10 Schematic view of large MMO intermediate Q model 



The ability of MMO to activate the C-H bond in methane and catalytically 
convert it to methanol is truly remarkable and it is probably not surprising 
that Nature employs a fairly complex looking active site. Crystal structures 
of MMO active sites in various forms are now available [65-68] and provide 
a good starting point for theoretical modelling (Fig. 9). However, modelling 
the catalytic cycle is challenging partly because the active site is so complex 
and flexible, and partly because the crucial species, intermediate Q, has not 
been structurally characterised and only limited spectroscopic data are 
presently available, although given the Solomon group’s success at isolating 
the comparable intermediate X in RNR [57], the latter situation may change 
in the near future. 

Following the initial work of Siegbahn [69, 70] and Dunietz [66], Lovell et 
al. [15] built and geometry optimised an impressive 102 atom model 
(Fig. 10) of intermediate Q which incorporates a number of second- and 
third-shell amino acid residues [71]. Their choices were guided by their 
complementary studies of the protein field electrostatics which suggest 
those residues likely to have a large energetic effect on the active site struc- 
ture. 

The reliability of the computed results were gauged by comparing the cal- 
culated Fe-Fe distance to the EXAFS measurement, as well as considering 
the Fe coordination numbers and spin populations, the Fe exchange cou- 
pling, the spin state energy differences plus Mossbauer isomer shifts and 
quadrupole splittings. The latter magnetic and spectroscopic properties are 
particularly noteworthy in the context of this review in that they demon- 
strate that modern DFT can do more than compute structures and total en- 
ergies. The ability to correlate experimental spectroscopic measurements 
with theoretical predictions promises to be an increasingly powerful tool 
[72]. For the moment, however, the agreement between theory and experi- 
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ment for intermediate Q is still patchy. The Mossbauer, X-ray absorption 
spectroscopy and magnetic couplings seem reasonable but the calculated Fe- 
Fe distance is rather too long, although the authors argue that discrepancies 
up to 0.2 A between EXAFS Fe-Fe contacts and those determined subse- 
quently via single crystal X-ray diffraction have been observed. 

3 . 3.3 

Nitrogenase 

Nitrogenase (N 2 ase), like MMO, is another marvel of Nature. It is capable of 
converting atmospheric dinitrogen to ammonia under ambient conditions, 
although the strong N-N bond consumes sixteen equivalents of ATP for ev- 
ery mole of N 2 . 

Prior to the solution of the X-ray crystal structure in 1993 [39], it was 
known that the active site of N 2 ase contained a molybdenum centre and 
many believed this would be the site of dinitrogen activation. In fact, a 
whole coordination chemistry of the N 2 ligand was developed from this pre- 
mise. However, for many, the actual active site was unexpected. If some of 
the active sites thus far have seemed complex, they all pale in comparison to 
that of nitrogenase. Instead of a mononuclear metal centre, the N 2 ase active 
site resembles two cubane structures, one Fe 4 S 4 and one MoFe 3 S 4 , which are 
connected via three bridging sulfur atoms (Fig. 3). The Mo centre is six-co- 
ordinate with the three remaining sites taken up by a bidentate homocitrate 
ligand and an anchor to the protein backbone via His442 while the Fe at the 
other end of the cluster is linked to the protein via Cys275. 

This complicated but elegant active site cluster provided many more pos- 
sibilities for the site of N 2 reduction such as the apparently three-coordinate 
iron centres. Despite being coordinatively saturated in the crystal structure, 
the Mo centre may still be viable in that the homocitrate may release one site 
for an incoming N 2 . DFT calculations indicate that the homocitrate ligand of 
the cofactor can become monodentate on reduction, allowing N 2 to bind at 
Mo [73], 

Many computational studies appeared purporting to shed light on the site 
of N 2 coordination and the mechanism of its protonation and reduction to 
ammonia [74-82]. However, the calculations are extremely difficult since it 
is hard to know what the ionisation state of the cluster is and what is its 
overall spin state. Even if you get these details right, there is the extra com- 
plication that the enzyme uses two more electrons than the six required for 
N 2 reduction, generating a molecule of H 2 for every two molecules of NH 3 . 
However, the greater problem is that more recent refinements of the X-ray 
diffraction data [40] have revealed a hitherto unknown atom at the very 
heart of the cluster bringing into question all the previous computational 
work where no such atom was present. Experiment cannot distinguish the 
identity of this atom but both Hinnemann and Norskov [83] and Lovell et 
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al. [84] propose it to be nitrogen based on DFT calculations. Some of the 
consequences of this so-called interstitial nitrogen have been explored [85] 
but there remain some puzzles. For example, Lee et al. [86] suggest that this 
nitrogen atom is not exchangeable which poses some intriguing issues con- 
cerning how it came to be there. Whatever the answer to that puzzle, there 
still seems to be a long way to go before a satisfactory computational expla- 
nation of N 2 reduction is forthcoming. N 2 ase provides a salutary warning of 
the potential pitfalls facing the bioinorganic computational chemist. 

3.3.4 

Iron-Sulfur Clusters 

Iron-sulfur proteins play important roles in electron transfer and catalysis 
in organisms ranging from simple bacteria through to higher animals. The 
common structural motif is iron tetrahedrally coordinated by sulfur donors 
with the single metal centre in rubredoxin bound by four cysteine thiolates 
while the 2Fe and 4Fe sites of ferredoxins have respectively two and one 
monodentate thiolate ligands and two or three bridging sulfido units 
(Fig. 11). 

The relatively weak tetrahedral ligand field ensures that the Fe centres re- 
main high spin in both the +3 and +2 oxidation states. This has an impor- 
tant consequence since the number of unpaired electrons, and hence spin 
polarisation, is high. 

In a spin unrestricted treatment where the up-spin electrons are allowed 
to have different spatial properties to their down-spin counterparts, the ex- 
tra exchange stabilisation of the majority spin (say, up-spin), means that 
their energies are lowered. Since in metal complexes, the spin is located 










Fig. 11 Schematic representations of various iron-sulfur centres 
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Fig. 12 The effect of spin polarisation can lead to an inversion of the normal ordering of 
d levels above ligand MOs 



mainly in the d orbitals, the spin-polarisation splitting is particularly 
marked there. In contrast, since there is relatively less on the ligands, the li- 
gand up- and down-spin pairs do not split as much. As shown in Fig. 12, if 
the polarisation splitting of the d orbitals is large enough, the ‘normal’ ex- 
pectation that the d orbitals lie above the ligand a levels is not realised and 
instead we have an ‘inverted’ energy level scheme. 

In addition to inverted energy levels, for the redox-active multi-metal 
species, with various combinations of S=5/2 Fe 3+ and S=2 Fe 2+ centres, the 
possible magnetic spin-coupling arrangements can be very complex. In gen- 
eral, the ground states of these systems cannot be described by a single de- 
terminant and would require a more sophisticated multiconfiguration ap- 
proach. Since DFT is normally expressed in terms of a single determinant, it 
is inappropriate for computing each spin state in such systems. 

However, pioneering work by Case, Noodleman and co-workers has de- 
veloped a modified DFT procedure which can be used to compute the cor- 
rect magnetic coupling [87]. Central to this work is the notion of broken 
symmetry. The symmetry breaking refers to the distribution of unpaired 
electrons and not the geometry. For example, in the geometrically symmet- 
rical bimetallic species such as [M 2 X 9 ] n_ [88, 89], where each metal has a 
maximum spin, S, the highest spin multiplicity corresponds to 4S+1 with 
each metal formally high spin, while the minimum spin multiplicity corre- 
sponds to a singlet which would normally be completely delocalised and 
thus correspond to formally low-spin metal centres. The broken symmetry 
solution allows for the possibility of a localised spin singlet where both met- 
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als are formally high spin but where one has all up spin density and the oth- 
er all down spin density. Hence, the electronic symmetry is lower than the 
molecular symmetry. 

The broken symmetry wavefunction is not itself a pure spin state. Howev- 
er, spin projection techniques allow the approximate energies and properties 
of the correct spin states to be calculated. 

In the ground state of the 2Fe2S dimer in Fig. 11, the spin-up electrons 
are mainly on one side of the molecule while the spin-down electrons are on 
the other side — an antiparallel alignment of the spins. A ‘high-spin’ state 
can also be constructed by forcing the spins on both side to be parallel. If 
the two Fe sites have spin quantum numbers S A and S B , then the possible 
spin states of the coupled system have total spin S t ranging from |S A -S B | 
through S A +S B in integer steps. If the system conforms to the Heisenberg 
model where the Hamiltonian is given by H spin =/S A xS B , the successive spin 
state energies are given by E(S t )—E(S t —l)=JS t . Providing the metal sites in- 
teract weakly compared to a metal-metal bond, this will be the case. Now, 
while the dimer has many possible spin states, it has only one broken sym- 
metry state, 'Fe, which is a weighted average of the pure spin states v F(S t ). 
Since the Heisenberg spin ladder depends on a single parameter, /, it can be 
calculated from the energy difference between the high-spin and broken- 
symmetry states using the equation 

E(S max = S A + S B ) — £ B (Ms = |S A — S B |) = 2/S A S B 

The broken symmetry approach with suitable refinements has been used 
to good effect on iron-sulfur clusters and is reviewed by Noodleman et al. 
[87], Apart from the inverted energy levels described above, they conclude 
that redox processes alter the magnitudes of the charges on the sulfur lig- 
ands but only change the anisotropy of the Fe charge distribution, that pair- 
wise valence delocalisation over mixed valent pairs is effective in Fe3S4 and 
Fe4S4 systems rather than full delocalisation over the whole cluster, and that 
redox potentials are strongly influenced by Heisenberg spin coupling, va- 
lence delocalisation and solvation. The crucial role of environmental effects 
has also been suggested by Torres et al. [90] but they conclude that even for 
iron-sulfur clusters, a continuum dielectric is sufficient. 



4 

Other Applications 



4.1 

Molybdoenzymes 

Most of the applications we have looked at so far involve the first transition 
series elements Fe, Co, Ni and Cu. However, Nature employs a number of 
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other metals, notably the second row metal molybdenum. Mo occurs in 
N 2 ase although the modelling studies of the FeMoco unit have generally not 
considered the Mo as the reactive centre. 

From a purely computational perspective, second row metal centres are 
rather easier to treat than their first or third row counterparts. In contrast to 
first-row metals, second-row metals do not generally suffer from having lots 
of low energy electronic states while in contrast to third-row metals, explicit 
relativistic effects on the valence electrons are relatively minor and are usu- 
ally ignored. Secondary relativistic effects are included in the core potentials 
for the metal. 

Molybdenum has a number of accessible oxidation states under physio- 
logical conditions and is often involved in two-electron redox processes in- 
volving oxygen atom transfer. Typically, the metal cycles between the dioxo 
molybdenum +6 oxidation state ([Mo0 2 2+ ] and the mono-oxo molybdenum 
+4 oxidation state ([Mo0 2+ ]). There have been a number of studies of oxo 
and/or hydroxo transfer for model systems of xanthine oxidase [38, 91-95], 
DMSO reductase [96] and sulfite oxidase [97] but the DFT methods and pro- 
tocols applied are relatively standard and have been covered elsewhere in 
this article. 

4.2 

Hydrogenase 

Given the central importance of structure in applications of computer mod- 
elling in bioinorganic chemistry, it is not surprising to see an explosion of 
calculations soon after the publishing of reasonably accurate structural data. 
The hydrogenase system is a good illustrative example [98-111]. 

Examples of hydrogenases with an Fe-Ni and ‘all-Fe’ active sites are 
known. The single crystal X-ray diffraction studies suggested the presence 
of some hitherto unexpected ligands bound to the Fe centre of the bimetallic 
[NiFe] hydrogenase active site (Fig. 13). The data show small diatomic lig- 
ands — either CO or CN. The latter was initially a surprise since cyanide is 
usually associated with rather lethal biological activity. Theoreticians set out 
to try to correlate the spectroscopic data with various structural models but 
the active site is complex both geometrically and electronically with unusual 
coordination numbers around the metal centres and some ambiguity as to 
their ionisation and spin states [99-111]. 

While much progress has been made, the hydrogenase reaction, though 
superficially simple, proceeds via a complex series of steps and much work 
remains to be done [100]. 
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Fig. 13 Active site of NiFe hydrogenase 



5 

Summary and Future Developments 

DFT has made a big contribution to our understanding of many of the pro- 
cesses in bioinorganic systems. It is difficult to get a detailed experimental 
mechanistic picture because spectroscopic and structural data are hard to 
measure while the enzymes are turning over. In contrast, theory is now suf- 
ficiently well developed and robust to be able to fill in the gaps more or less 
reliably. However, as we have seen on many occasions, it is critical to ensure 
that the quantum chemical model is a good representation of the active site 
and its associated chemistry. Siegbahn has shown many times how a careful- 
ly calibrated model can work very well but the recent discovery of an inter- 
stitial atom in the middle of the nitrogenase FeMoco cluster provides a salu- 
tary warning that we cannot always guarantee that the our chosen computer 
models are correct. The present state-of-the-art therefore is to validate the 
calculations as often as possible. This means comparing computed data 
against experimental measurements wherever possible. 

Structural comparisons are, at least conceptually, amongst the most 
straightforward to make, but even here care must be taken. The possible 
(and perhaps unsuspected) roles of side chains remote from the metal active 
site, the chemical ambiguity of protein crystallography in that hydrogen 
atoms cannot be located, and the role of the protein itself all serve to com- 
plicate matters. The solution is not to rely solely on structures. An obvious 
example is that a viable mechanism must display reasonable energetics. 



66 



R.J. Deeth 



Thus, providing the quantum model gives a good description of the required 
chemistry, some structural shortcuts may be possible. Of course, as comput- 
ers get faster, many workers are moving towards larger structural models. 

As to the future, among the many exciting developments in theory is an 
ever increasing ability to compute accurate spectroscopic data including 
NMR chemical shifts and coupling constants, EPR g-values and hyperfine 
splittings, vibrational spectra (including intensities) and excited states [44, 
72, 112]. Calculated excited state energies of TM species is arguably one of 
the most difficult challenges for DFT. However, there is good reason to be- 
lieve that many of the current problems can be overcome and we await the 
coming developments with great anticipation. The ability to reproduce from 
first principles a wide variety of structural, energetic and spectroscopic 
properties can only serve to give ever greater confidence that quantum mod- 
els can provide an accurate reflection of the true behaviour of the metalloen- 
zyme active site. 
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Abstract Polynuclear transition metal complexes containing paramagnetic cations have 
caught the attention of many chemists, since they are one of the main fields of study in 
molecular magnetism and they play important roles in the reactivity of active sites of sys- 
tems of biological interest. Theoretical methods based on density functional theory due 
to the possibility of handling large systems are especially indicated for studying the elec- 
tronic structure of this kind of molecules. At the same time, such methods provide good 
accuracy to allow the calculation of the small energy differences involved in the exchange 
interactions. It is worth noting that theoretical methods are especially important in the 
study of the exchange interactions in complexes with a large number of paramagnetic 
centers because they can provide a more detailed analysis of the interactions than experi- 
mental data can. This fact is due to the limitations in obtaining exchange coupling con- 
stants from experimental measurements for large size systems of this kind. The knowl- 
edge of the exchange interactions that controls the ground state of the system is crucial 
to the understanding of magnetic properties such as the single-molecule magnet charac- 
ter or the reactivity of an active site in a biological system. 

Keywords Density functional calculations • Single-molecule magnets • Magnetic 
properties • Exchange Coupling • Polynuclear transition metal complexes 
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1 

Introduction 

The transition metal complexes have many unique and specific physical and 
chemical properties. For that reason, they play a crucial role in some biolog- 
ical systems, mainly related with the electron transfer processes due to their 
versatility and the easy with which they can change in the oxidation state of 
the transition metals. The presence of two transition metals in the same 
complex considerably increases the complexity of the electronic structure, 
giving the system completely different properties to those of the complex 
with only one metal. This fact allows complex metal-metal electron transfer 
processes and in the case of the presence of paramagnetic metallic cations, 
the exchange interactions between them provides a new set of magnetic be- 
haviors in comparison with those present in mononuclear species. The gain 
in the complexity of such systems increases exponentially depending on the 
number of transition metals present in the complex. For that reason, the 
first steps of the research in Molecular Magnetism focused mainly on the 
magnetic properties of dinuclear complexes with the aim of gaining some 
understanding of the key structural and electronic factors that control the 
exchange coupling between two metal centers [1], From the theoretical point 
of view many efforts have also been applied to in the study of the exchange 
coupling in dinuclear transition metal complexes, as is clearly reflected in 
the number of recent reviews in this field [2-6]. 

During the last decade, the aim obtaining new materials based on molec- 
ular building blocks with rationally predetermined magnetic properties has 
led chemists to increase the complexity of the systems studied [7-10]. In or- 
der to achieve this goal, two different strategies have been adopted. First, 
new magnetic properties have seen sought by extending the exchange inter- 
action from dinuclear to chain, to two-dimensional or even to three-dimen- 
sional structures based on molecular building blocks. For instance, many 
oxalato- and cyano-bridged transition metal compounds are clear examples 
of this research resulting in a very rich chemistry and a wide variety of mag- 
netic behaviors [11, 12]. The second procedure adopted is increasing the 
complexity of these building blocks by synthesizing polynuclear complexes 
with more than two interacting paramagnetic centers [13]. The magnetic 
properties of these compounds are expected to be intermediate between 
those of simple dinuclear complexes and those of bulk materials. However, 
due to the size of such complexes and the complexity of their manifold of 
states completely new magnetic behaviors are obtained. This review will fo- 
cus on the theoretical studies of the exchange interactions in this second 
group of compounds, molecular entities containing more than two paramag- 
netic centers. Among these, the so-called Mn 12 [14] and Fe 8 [15] compounds 
have attracted the interest of many researchers, especially due to magnetic 
bistability associated with the interplay between the quantum magnetic tun- 



Theoretical Study of the Exchange Coupling in Large Polynuclear Transition Metal 73 



neling effect and the single-molecule magnet character [13]. Logically, due 
to the complexity of such systems, the number of publications with theoreti- 
cal studies devoted to this kind of systems is relatively small, although from 
an experimental point of view they are actually the state-of-art research in 
molecular magnetism with many research groups working on them. 



1.1 

Phenomenological Hamiltonians for Polynuclear Complexes 

The phenomenological Hamiltonian employed to describe the magnetic 
properties of a dinuclear complex is indicated in Eq. (1) where J is the ex- 
change coupling constant between the two paramagnetic centers. The second 
and third terms are those corresponding to the zero field splitting parame- 
ters, being the axial and rhombic contributions, respectively: 

H = - JS , S 2 + D (V V) +e(s 2 x -S;) ( 1 ) 

where S is the total spin moment of the molecule while S x , S-y and S z are its 
three components. If we turn to complexes of higher nuclearity, the Hamil- 
tonian usually employed is considerably more complex due to the presence 
of several exchange pathways with different J values. The Hamiltonian for a 
general polynuclear complex is indicated in Eq. (2): 

H = -J^JijSiSj + d(s 2 z - l -S 2 ^j +e(s 2 x - Sj) (2) 

where S; and Sj are the spin operators of the different paramagnetic centers. 
The Jij values are the coupling constants between all the paramagnetic cen- 
ters of the molecule. The physical origin of the anisotropy of the system, re- 
sponsible of the zero field splitting terms, is the spin-orbit coupling [16]. 
The non-inclusion of the spin-orbit effect in the calculation allows a direct 
estimation of the exchange coupling constants. Although this review is fo- 
cused in the theoretical studies of the exchange coupling constant, it is 
worth remarking that Pederson et al. have recently presented an approach 
based on a perturbative method to include the spin-orbit coupling effect in 
DFT methods that allows the calculation of the zero field splitting parame- 
ters and we the results of such approach will be discussed later [17]. For the 
understanding of the magnetic properties, all the terms of Eq. (2) could be 
important. For example, the anisotropy energy barrier for a magnetically 
bistable system is DS 2 Z , the D value for the Mn 12 complex is -0.5 cm -1 while 
due to the exchange interactions between the twelve manganese cations this 
system has S z = 10 resulting in a barrier of 50 cm -1 . Hence molecules with 
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large D and S z are synthetic targets to obtain systems where the single-mole- 
cule magnet behavior can appear at higher temperatures [14]. 

1.2 

Comparison of Theoretical Results with Experimental Data 

The accuracy of the theoretical methods in the calculation of exchange cou- 
pling constants of polynuclear transition metal complexes will be gauged by 
comparing the calculated values with those obtained by fitting the experi- 
mental data. This comparison can be easily done without problems for dinu- 
clear complexes that will allow quantifying the accuracy of different meth- 
ods. However, such a comparison must be performed carefully for polynu- 
clear complexes since experimental data are in most cases obtained from a 
fitting of the magnetic susceptibility data to the expression obtained using a 
Hamiltonian that includes several fitting parameters. One of the problems 
associated with this technique is the existence of several independent sets of 
parameters that provide fair fittings of the susceptibility curve. Another dif- 
ficulty arises from some simplifying hypotheses, such as the neglect of next- 
nearest neighbor interactions or the assumption of identical parameters for 
interactions that are not equivalent by symmetry, often adopted to reduce 
the number of fitting parameters. An additional problem is the presence in a 
polynuclear complex of dominant exchange interactions that mask the influ- 
ence of other small exchange constants in the magnetic susceptibility curve. 
In such cases these small J values are very difficult to be obtained with rela- 
tively good accuracy. 

Finally, it is also important to mention that due to the large number of 
paramagnetic centers and exchange coupling constants, it is impossible in 
many cases with the available computational resources to perform an exact 
diagonalization of the Hamiltonian matrix required for the fitting proce- 
dure. For instance, Mn 12 and Fe 8 complexes, with 1.0x10 s and 1.6xl0 6 states 
respectively, are examples of systems that cannot be fitted and some approx- 
imate methods, such as Monte Carlo simulations, must be adopted to obtain 
a set of exchange coupling constants [18]. Thus, the use of theoretical meth- 
ods to estimate the exchange coupling constants can be foreseen as a valu- 
able tool for the experimental chemist to rule out those sets of experimental 
fitted constants that are deemed unrealistic according to calculations. Like- 
wise, alternative methods such as the Monte Carlo simulations usually re- 
quire a starting set of exchange coupling constants that can be proportioned 
by the theoretical results. Good sources of experimental data would be in- 
elastic neutron scattering experiments, but these are not commonly em- 
ployed mainly due to the technical requirements involved [19]. 

It is worth discussing at this point some problems of language regarding 
the comparability of the calculated and experimental exchange coupling 
constants [20], From the experimental point of view, the Heisenberg Hamil- 
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tonian is employed to estimate the energies of the states that are involved in 
the fitting of the magnetic susceptibility data. In the case of the theoretical 
methods, the eigenfunctions of the Heisenberg Hamiltonian and their ener- 
gies can be straightforwardly calculated by a multiconfigurational approach. 
However, when using single-determinant methods, such as methods based 
on density functional theory or Hartree-Fock, the calculated energies are re- 
lated to the diagonal matrix elements of the Heisenberg Hamiltonian and 
not with its eigenvalues as in the multiconfigurational methods. In this case, 
an alternative way to describe the system is by considering an Ising Hamil- 
tonian as a special case of a Heisenberg Hamiltonian in which only the diag- 
onal terms are kept. Thus, it was considered that the wavefunctions obtained 
with the single-determinant methods are eigenfunctions of an Ising Hamil- 
tonian that is formulated with the same J values as the original Heisenberg 
Hamiltonian because their diagonal terms are identical. For that reason, the 
J values obtained with single-determinant methods are directly comparable 
to those provided by multiconfigurational methods or from experimental 
data. The difference between these two theoretical approaches is the kind of 
eigenfunctions obtained. Hence the procedure to obtain the eigenfunctions 
and eigenvalues of the Heisenberg Hamiltonian using the DFT methods can 
be summarized in two steps. The first one would consist of the calculation 
of the J values (in the next section it will be analyzed this point in depth). 
Subsequently with the calculated J values are used to perform the diagonal- 
ization of the Heisenberg matrix giving eigenfunctions and eigenvalues di- 
rectly comparable to those obtained using multiconfigurational methods or 
from the fitting of the experimental data. 

To conclude this section, it is important to keep in mind the differences 
in the use of an Ising Hamiltonian in theoretical and experimental work. 
From the theoretical point of view, the Ising Hamiltonian is usually referred 
when using single-determinant methods, for the reasons that were previous- 
ly discussed. However, the use of the Ising Hamiltonian to fit experimental 
data is restricted only to cases where there is a strong anisotropy in the 
magnetic properties of the system [1], Hence an anisotropic Hamiltonian, 
like the Ising one, must be used to fit of the experimental data. In this way 
the energies derived from the Ising Hamiltonian are employed like those 
corresponding to the states, as if they were the eigenvalues of the Heisenberg 
Hamiltonian. In such cases the experimental coupling constants obtained 
using an Ising Hamiltonian cannot be directly compared with the theoretical 
results using the usual approaches. 
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2 

Methods for Obtaining Exchange Coupling Constants 
in Polynuclear Systems 

The first example in the literature describing the procedure to calculate ex- 
change coupling constants using DFT methods (Xa multiple-scattering) in a 
polynuclear complex with more than two paramagnetic centers was provid- 
ed in 1982 by Aizman and Case to study Fe 4 sulfur clusters corresponding to 
ferredoxine protein models [21]. This paper is practically contemporaneous 
with those published by Noodleman et al. to establish the so-called “broken- 
symmetry” method widely employed to calculate the exchange interaction 
in dinuclear complexes [22, 23]. The procedure described with more detail 
and extended to other iron-sulfur clusters in two later reviews of Noodleman 
and Case [24, 25] consists of the calculation of two energies for the mixed 
valence [Fe 4 S 4 (SCH 3 ) 4 ] 2_ model corresponding to the high spin state with 
S=9 and a low spin S=0 “broken-symmetry” state considering only one J 
value. The difference between both energy values is 81 J/2 by considering 
the Hamiltonian indicated in Eq. (3). This energy was calculated from the 
difference between the corresponding elements of the Hamiltonian matrix to 
the two calculated wavefunctions: 



Despite the publication of these papers, as was indicated in the introduc- 
tion, most of the later publications have focused on the calculation of dinu- 
clear complexes employing the “broken-symmetry” approach proposed by 
Noodleman et al. In this approach the J value involves the calculation of the 
energy difference between the high-spin state and a low-spin solution that 
corresponds to a “broken symmetry” wavefunction in the case of symmetric 
homodinuclear complexes. From now on, it will be employed the expres- 
sions for the Hamiltonians indicated in Eqs. (1) and (2); Eq. (3) was kept for 
“historical” reasons. A general expression, (see Eq. 4) can be proposed for 
any dinuclear complex using the original “broken-symmetry” approach pro- 
posed by Noodleman [26]: 



where Si and S 2 are the two local spin moments. This equation considers 
that the energy of the “broken-symmetry” state must be corrected by intro- 
ducing a spin projection to obtain the energy of the singlet state. Recently, 
Polo et al. have shown that the presence of the self-interaction error in com- 
monly used exchange functionals mimics non-dynamic pair correlation ef- 
fects [27-30]. In contrast, if non-dynamic correlation effects are also intro- 
duced via the form of the wavefunction through spin projection (Eq. 4), 




( 3 ) 



Ebs — Ehs — 2SiS 2 / 



( 4 ) 
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these effects will be also considered if the exchange functional already cov- 
ers an important amount of non-dynamic correlation effects [31]. Thus, the 
application of spin projection techniques to DFT calculations results, proba- 
bly, in the suppression (or double counting) of such non-dynamic correla- 
tion effects. Hence the following equation was proposed where the energy of 
the “broken-symmetry” state is not projected [32]: 

Ebs — Ehs = (2SiS 2 +S 2 )J (5) 

where S 2 <Si. These assumptions have been confirmed recently by perform- 
ing calculations including the Perdew-Zunger correction of the self-interac- 
tion error [33], As expected, the J values obtained including the spin projec- 
tion (Eq. 4) when the self-interaction correction is included are very similar 
to those corresponding to the non-projected case (Eq. 5) without the self-in- 
teraction correction. Due to the huge computational resources needed to in- 
clude the self-interaction correction even for small systems, the best proce- 
dure is to employ Eq. (4) for self-interaction free methods, such as Hartree- 
Fock and Eq. (5) for methods based on density functional theory. 

Recently, this approach was extended for the theoretical estimation of the 
exchange coupling constants of any polynuclear complex with n different 
values through the calculation of n + 1 single-determinant energies corre- 
sponding to different spin distributions [34]. Such energies, as indicated 
above, are related to the eigenvalues of the Ising Hamiltonian (identical to 
the diagonal matrix elements of the Heisenberg Hamiltonian) and it is possi- 
ble to build up a system of n equations with n unknowns, the values. 
There are 2 n possible spin distributions that can be generated by flipping of 
the spins and the choice of n + 1 distributions among them must be done in 
order to obtain a compatible set of linear equations. This procedure is simi- 
lar to that proposed by Noodleman and Case for the iron-sulfur clusters 
[26], keeping in mind the difference due to the spin projection of the low 
spin states. An alternative, simpler approach proposed to obtain the same 
equations is just to analyze the changes in sign of the local spin moments 
between spin distributions i and j and to employ the pairwise expression of 
the Ising (or Heisenberg) Hamiltonians. 

Since it was found that, for dinuclear complexes, the energy difference be- 
tween the ferromagnetic and the antiferromagnetic spin configurations is 
given by Eq. (5), that approach can be extended to polynuclear compounds 
by just expressing the difference in energy between different spin configura- 
tions as a sum of pairwise interactions [34]. Hence for a linear trinuclear 
system two exchange coupling constants can be defined, / 12 between nearest 
neighbors and / 12 between next-nearest neighbors. The relative energies of 
the spin configurations in 1 with S= 1/2 local spin moments shown are there- 
fore given by Eqs. (6a) and (6b): 



Ehs ~ Els i = ~Vu 



(6a) 
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EhS — ElS2 — —]\2 + /l3 (6b) 

As an example of how these expressions can be obtained, consider the HS 
and LSI configurations (1) (Scheme 1). They differ in the two nearest-neigh- 
bor interactions (1-2 and 2-3), whereas the next nearest neighbor interac- 
tion (1-3) is identical in both cases. Hence the energy difference between 
these two spin configurations is given by two times the energy difference 
due to each interaction (2 SiS 2 +S 2 )/i 2 (which gives —2 J 12 , see Eq. 6a, because 
J12-J23 an d Si=S 2 =S 3 =1/2). The differences between HS and LS2, on the oth- 
er hand, appear in the 2-3 first neighbor interaction and in the 1-3 next- 
nearest-neighbor interaction, and the resulting expression is given by 
Eq. (6b). 



LXJ 

1 2 3 

I abc\ 

Ehs 



I 1 1 

1 2 3 

label 
e i.si 



LXJ 

1 2 3 

label 
Els2 



In the case of Hartree-Fock calculations or for self-interaction free meth- 
ods in general, each interaction term has the form 2 S,S;/y and the expres- 
sions for the energy differences, obtained in a similar way, are those given in 
Eqs. (7): 

Ehs ~ Elsi = ~Jn (7a) 

Ehs — e ls2 — — / 12/2 +/13/ 2 (7b) 

The same result would be obtained if the diagonal terms of the Heisen- 
berg Hamiltonian were taken as the energies of the spin configurations in 1: 

Ehs = —Jn/2 — /b/ 4 (8a) 

£lsi-/i2/2-/i 3 /4 (8b) 



Els 2 = -/i 3 /4 (8c) 

A similar approach was employed by Pederson and Kortus to calculate 
the exchange coupling constants of some polynuclear complexes [35]. In- 
stead of solving a set of equations, they have calculated the energies includ- 
ing the spin projection corresponding to more spin distributions that those 
needed to build up the system of equations as previously described, per- 
forming a fitting procedure to determine the J values. In this way, the calcu- 
lated J values are more representative of a larger number of states of the sys- 
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tem, by eliminating some possible dependence of the obtained J values with 
the choice of the calculated spin distributions. 

It is worth mentioning, despite the fact that they are not strictly based on 
DFT methods, the recent studies of Davidson and coworkers employing a 
semiempirical method called ZILSH derived from the ZINDO approach with 
the local spin formalism for the calculation of the of the S a -Sb terms [36-38]. 
The application of such an approach to some series of polynuclear Fe(III) 
complexes provides reasonable J values that reproduce correctly the multi- 
plicities of the ground states observed experimentally [39], 

2.1 

Calculation of the Exchange Coupling Constants for Test Systems 

Systematic studies of the accuracy of theoretical methods in the calculation 
of the exchange coupling constants by comparison with experimental data 
or with high-level theoretical methods have been performed for dinuclear 
transition metal complexes. Probably, the test system most studied for these 
purposes has been the hypothetical H- • He- ■ H biradical complex using 
Full-CI results as [34]. Despite their simplicity the conclusions of the meth- 
ods based on density functional theory deduced with this system have been 
corroborated subsequently for transition metal complexes. The main differ- 
ence concerns the Hartree-Fock method, as it provides reasonable values for 
the H- ■ He- ■ H system; however, the lack of electronic correlation results in 
poor agreement for transition metal complexes [32], The main conclusions 
concerning the DFT methods [40] can be summarized as: the local methods 
provide a large overestimation of the exchange coupling values that it is par- 
tially corrected for the inclusion of non-local GGA approximations. Howev- 
er, the best results are obtained when the exact exchange is included through 
hybrid functionals, such as B3LYP [41]. In this case, the accuracy of the re- 
sults considering the controversial option of the non-projection of the low 
spin states is similar to that obtained with the best multiconfigurational 
methods [42, 43]. If the spin-projection is employed all the commonly-used 
functionals give, logically, an overestimation of the exchange coupling con- 
stants, for the reasons discussed previously. 

Recently, a similar study was performed using multicenter structures of 
the H- ■ He- ■ H biradical system (2-5) to check if the conclusions obtained 
for dinuclear complexes can be extended to polynuclear complexes [34]. Al- 
though there is no experimental information for such hypothetical com- 
pounds, highly accurate post Hartree-Fock calculations were employed to 
obtain reference values for comparison. 
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The Jij values obtained for such systems using several methods are pre- 
sented in Table 1. The calculated values for these four systems show the 
same trends found earlier for the H- • He- ■ H dinuclear model: the spin-pro- 
jected Hartree-Fock method, slightly underestimates the J values, while the 
UBLYP method overestimates them. The UB3LYP hybrid functional provides 
values intermediate between those obtained in CASSCF and CASPT2 calcula- 
tions [44]. The J values for next-nearest neighbor interactions obtained in 
CASPT2 and UB3LYP calculations are in good agreement, whilst those ob- 
tained with the CASSCF method seem to overestimate the ferromagnetic 
contributions, compared to the more accurate CASPT2 results. A problem 



Table 1 Calculated exchange coupling constants J (cm -1 ) for different H- • -He multicenter 
complexes represented in 2-5, with H- • -He distances equal to 1.625 A. The UHF values have 
been obtained by using spin projection while the DFT ones are non-projected [34] 



Model 


UHF 


UB3LYP 


UBLYP 


CASSCF 

small 3 


CASPT2 

small 3 


CASSCF 

large b 


CASPT2 

large* 3 


2 

J 12 


-453 


-552 


-677 


-504 


-586 


-526 


-595 


J 1 3 


-1.3 


-4.7 


-8.0 


+20 


-4.0 


+21 


-5.8 


j 

J 12 


-151 


-184 


-220 


-174 


-197 


-166 


-195 


4 
















J 12 


-454 


-554 


-681 


-525 


-587 


-546 


-594 


J23 


-488 


-585 


-720 


-514 


-629 


-515 


-639 


J 1 3 


-1.3 


-4.4 


-6.7 


+39 


-3.4 


+42 


-8.0 


j 

Jl2 


-410 


-490 


-599 


-444 


-516 


-463 


-521 


J 13 


-1.2 


-3.2 


-0.6 


+ 13 


-8.8 


+28 


-5.2 



3 Active space (electrons, orbitals): 1, (7, 5); 2, (9, 6); 3, (10, 7); 4, (12, 8) 
b Active space (electrons, orbitals): 1, (7, 8); 2, (9, 9); 3, (10, 11); 4, (12, 12) 
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Table 2 Exchange coupling constants J (cm *) calculated at B3LYP level for polynuclear ox- 
alato-bridged Cu(II) complexes (see 6) [34] 



J 1 2 J 13 J23 Jl4 



Dinuclear Cu 2 


-369 


Trinuclear 


-387 


Trinuclear Cu 2 Zn 


-381 


Trinuclear CuZnCu 




Tetranuclear 


-375 



— 5.4 
— 2.8 

-5.8 -421 -0.1 



that can be ascribed to the non-inclusion of dynamic correlation effects in 
the CASSCF calculations. For these reasons, the B3LYP functional is a good 
choice for the calculation of the exchange coupling constants in hypothetical 
benchmark systems with several paramagnetic centers. If we turn our atten- 
tion to polynuclear transition metal complexes, in the same work, there is 
an analysis using the B3LYP functional of the exchange coupling constants 
in polynuclear oxalato-bridged Cu(II) complexes. 

The calculated exchange coupling constants for the some polynuclear 
models similar to that shown in 6 are reported in Table 2 [34]. An interest- 
ing procedure to calculate exchange coupling constants in large polynuclear 
complexes is the substitution of some paramagnetic cations by similar dia- 
magnetic cations, keeping only two paramagnetic cations. Thus, the new 
system can be treated as a dinuclear system and the exchange coupling be- 
tween the two remaining paramagnetic center can be obtained directly with 
two energy calculations. For instance, in the oxalato-bridged trinuclear com- 
plex by replacing one of the Cu(II) ions by a diamagnetic Zn(II) cation. The 
resulting Cu 2 Zn complexes are equivalent to a dinuclear Cu(II) complex 
from the magnetic point of view and it is possible to obtain the two ex- 
change coupling constants (} 12 and J 13 ) depending on which of the copper 
atoms is replaced by zinc. 




c 

From the results collected in Table 2 for oxalato-bridged Cu(II) model 
complexes, the conclusions were that the values of the calculated J 12 con- 
stants are within the range of the experimental values for oxalato-bridged 
dinuclear complexes (-284 to -402 cm -1 ) [45]. Likewise, the calculated J 
values obtained by substituting one Cu(II) cation by one Zn(II) ion are in 
very good agreement with those obtained directly for the trinuclear com- 
plex. Thus, the strategy of substituting paramagnetic atoms by diamagnetic 
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Fig. 1 Representation of the bis( J U2-N,N'-propane-l,3-diyl-bis(oxamato))-bis(N,N,N',N'- 
tetramethylethane-1, 2-diamine)- bis-(selenocyanato)-tri-copper(II) dihydrate complex. 
The carbon, copper, oxygen, selenium, nitrogen, and hydrogen atoms are represented by 
spheres of different shades of gray, from dark to bright, respectively 



ones to reduce the evaluation of coupling constants to calculations for mag- 
netically dinuclear complexes seems highly promising and might be extend- 
ed to more time demanding methods. The next-nearest neighbor (J 13 ) and 
next-next-nearest neighbor (J 14 ) coupling constants are much smaller than 
the nearest neighbor one, as expected the J 23 value for the tetranuclear com- 
plex is slightly larger than that corresponding to the interaction involving a 
terminal copper ion (J 12 ) as found also for the H- • He systems (see Table 1). 

In the same paper [34], some non-modeled trinuclear complexes were 
also studied. For example, the full structure of an oxamato-bridged trinucle- 
ar Cu(II) complex, bis(,u 2 -W,M , -propane-l,3-diyl-bis(oxamato))-bis(M,N, 
M , ,N'-tetramethylethane-l,2-diamine)-bis-(selenocyanato)-tri-copper(II) di- 
hydrate, shown in Fig. 1, including counterions and solvent molecules that 
are close to the molecule of the complex. The experimental data obtained 
from magnetic susceptibility measurements has been fitted with just one ex- 
change coupling constant, J 12 =— 355.7 cm -1 . [46] The results using the 
UB3LYP method confirm that the interaction between the terminal Cu(II) 
ions is rather weak, -2.2 cm -1 , while the coupling constant between two ad- 
jacent Cu(II) ions is -277 cm -1 , thus reproducing the sign and magnitude of 
the experimental J value. 

A heterotrinuclear Mn(III) complex with tris(dimethylglyoximato)cop- 
per(II) tetranions as bridging ligands (see Fig. 2) was also analyzed. This 
compound is interesting because it contains different paramagnetic centers 
having more than one unpaired electron in two of the paramagnetic centers. 
The calculated coupling constants using the B3LYP functional were 
-141.3 cm -1 for the Mn(III)Cu(II) interaction and -6.2 cm -1 for the 
Mn(III)Mn(III) one, which compare very well with the experimental values 
of -126.2 and -5.6 cm -1 , respectively [47]. 
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Fig. 2 Representation of a heterotrinuclear Mn(III) complex with tris(dimethylglyoxima- 
to)copper(II) tetranions as bridging ligand. The carbon, copper, oxygen, manganese, ni- 
trogen, and hydrogen atoms are represented by spheres of different shades of gray, from 
dark to bright, respectively 



The presence of more than two paramagnetic centers causes the existence 
of next-nearest neighbor interactions. It is possible to deduce from the val- 
ues presented previously that such interactions are usually small and antifer- 
romagnetic. It is a well-known fact the strong dependence in hydroxo- 
bridged Cu(II) dinuclear complexes of the exchange interaction with struc- 
tural parameters, such as the Cu-O-Cu angle and the out-of-plane shift of 
the hydrogen atoms of the bridging ligands [48, 49]. However, the analysis 
of the magnetostructural correlation for the next-nearest neighbor interac- 
tion in trinuclear hydroxo-bridged Cu(II) complexes show a practically con- 
stant value non-dependent of the structural parameters previously indicated, 
while the nearest-neighbor interaction presents practically the same magne- 
tostructural correlations as those in the dinuclear complexes [50]. It is also 
worth noting that while the exchange pathway is constituted for only one 
oxygen atom, the next-nearest neighbor interaction is close to -60 cm -1 . 
This is considerable larger than the values previously indicated for larger 
bridging ligands. For that reason, as was indicated above, these interactions 
must be considered carefully, in many cases, during the fitting of the experi- 
mental magnetic susceptibility. 

As the conclusion of this section, it is interesting to point out that a gen- 
eral procedure to obtain the exchange coupling constants of any polynuclear 
complex, including multicenter paramagnetic organic molecules, is de- 
scribed in the literature. Furthermore, the application of DFT methods using 
hybrid functionals to calculate exchange coupling constants in polynuclear 
complexes provides excellent results as do those described in the literature 
previously for dinuclear transition metal complexes. 
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3 

Historical Overview of the Calculation 
of Exchange Interactions in Polynuclear Systems 

3.1 

Transition Metal Complexes with a Cubane Core 

As was indicated previously, the first publication of a theoretical study to 
calculate the exchange coupling constants using DFT methods was devoted 
to the iron-sulfur clusters present in ferredoxine [21]. These metallo-pro- 
teins play a significant role in many electron transfer processes [51] and also 
in catalysis [52], e.g., in some dehydratases, in practically all types of living 
organisms. The analysis of the literature also indicates that considering as 
parameter the number of publications; it is also the most studied system in 
this field [24-26, 53-63]. Likewise, the redox potentials of such systems have 
been extensively studied to understand the electron transfer processes in 
which these iron-sulfur clusters are involved [59, 64, 65]. Nevertheless, these 
iron-sulfur clusters are particularly complex systems due to the diversity of 
oxidation states that they can present and the mixed valence character for 
the simultaneous presence of Fe(II) and Fe(III) cations. In such compounds, 
the electrons involved in the double exchange appear completely localized in 
the “broken” symmetry low-spin states whilst they are delocalized in high 
spin solutions. This different behavior must be considered by introducing B 
resonance contributions into the equations to obtain the J values. The model 
employed in the calculation is usually [Fe 4 S 4 (SCH 3 ) 4 ] n_ where the methyl 
substituents replace the cysteine groups of the protein (see Fig. 3). The first 
results obtained for the J value of the [Fe 4 S 4 (SCH 3 ) 4 ] 2 ~ complex with the 
Xa-SW and Xa-LCAO methods are -376 and -454 cm -1 , respectively [24]. 
Despite the local character and the simplicity of the functional, such values 
are in good agreement with the experimental data of -464 cm -1 of a synthet- 
ic model of the protein [66]. However, the same approach overestimates 
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Fig. 3 Molecular model [Fe 4 S4(SCH 3 )4] n of the iron-sulfur active center of ferredoxine 
proteins. The carbon, iron, sulfur, and hydrogen atoms are represented by spheres of dif- 
ferent shades of gray, from dark to bright, respectively 
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Table 3 Calculated J values (cm -1 ) for the series of iron-sulfur complexes [Fe 4 S 4 (SCH 3 ) 4 ] n_ 
(n=0, 1, 2, 3, and 4) by using the Becke-Perdew functional and performing a structural opti- 
mization. Also the available experimental data and the multiplicity of the obtained ground 
state are reported [59] 



n 




S 


Jcalc 


Jexp 


0 


4 Fe(III) 


0 


-907 




1 


3 Fe(III)-Fe(II) 


1/2 


-725, -675 


-797, -652 


2 


2 Fe(III)-2Fe(II) 


0 


-645 


-340 


3 


Fe(III)-3Fe(II) 


1/2 


-519 




4 


4 Fe(II) 


0 


-112 





considerably the J values for equivalent dinuclear and trinuclear complexes. 
The analysis of the calculated } values shows that, for this family of com- 
pounds, J(Fe(III)-Fe(III))>J(Fe(III)-Fe(II))> J (Fe(II)-Fe(II)) [26], Recently, 
Torres et al. have calculated the J values for [Fe 4 S 4 (SCH 3 ) 4 ] n_ (n=0, 1, 2, 3, 
and 4) (Table 3) using the GGA functional proposed by Becke and Perdew, 
confirming the trend indicated previously [59]. 

The molecular bistability that presents the cyclopentadienyl-capped iron- 
sulfur cluster [(C 5 H 5 ) 4 Fe 4 S 4 ] 2+ has been studied by McGrady using the 
Becke-Perdew functional [67, 68]. These systems show two different mini- 
ma, a triplet state with D 2 symmetry and a C 2 -symmetric singlet state. For 
the same complex, even small changes, for example the kind of counterion 
and, consequently, the packing forces are enough to change the symmetry 
and the ground state of these iron-sulfur cubanes. 

Czerwinski and coworkers have studied the exchange coupling constants 
of the [Fe 6 S 6 Cl 6 ] _ cluster which is the active center in some proteins and en- 
zymes [69, 70]. The structure can be described as two cubanes sharing one 
face, with the Fe(II) cation placed in the shared face (see Fig. 4) while the 
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Fig. 4 View of [Fe 6 S 6 Cl 6 ] iron-sulfur complex. The Fe(II) cation is placed in the position 
labeled as 6. The carbon, iron, sulfur, and hydrogen atoms are represented by spheres of 
different shades of gray, from dark to bright, respectively 
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other five positions are occupied by Fe(III) cations. The Hamiltonian em- 
ployed to describe the interactions in this complex is the following: 

H = —Ji (Si + S2 + S3 + S 4 + — J2 (S1S4 + S1S5 + S2S3 

+ S2S5 + S3S5 + S4S5) — J3 (S1S2 + S3S4) — Ji (S 1 S 3 + S2S4) (9) 

The results obtained using the BLYP functional and numerical basis sets 
are -22 cm -1 for the Fe(II)-Fe(III) interaction Ji while the J 2 , J 3) and J 4 val- 
ues corresponding to the Fe(III)-Fe(III) interactions are -146, +130, and 
-81 cm -1 , respectively [71]. More recently, the possible ground state of the 
[Fe 6 S 6 ] 2+ cluster has been analyzed using DFT calculations with the hybrid 
B3LYP functional. This cluster is more complex than the one previously de- 
scribed due to the presence of four Fe(II) cations, resulting in several possi- 
ble distributions of the cations. The inclusion of the double exchange terms 
leads to a S=3 ground state [70]. 

In the field of the bioinorganic compounds, it is also worth mentioning 
the theoretical studies of the FeMo cofactor of the nitrogenase in the Noodle- 
man’s group [72-74]. The structure of the FeMo cofactor is closely related to 
the iron-sulfur clusters previously discussed, and can be described as two 
Fe 4 S 4 and MoFe 3 S 4 cubanes sharing an edge, where recently the presence of a 
light atom was discovered. Some experimental and theoretical evidence sug- 
gest that this is a nitrogen atom (see Fig. 5) [75]. Noodleman et al. have ana- 
lyzed the energy of several spin distributions for the Mo(IV)-4Fe(II)-3Fe(III) 
and Mo(IV)- 6 Fe(II)-Fe(III) oxidation levels [76]. The more oxidized assign- 
ment is consistent with the ENDOR data [77] while the second one was pro- 
posed on the basis of Mossbauer measurements [78]. 

The first studies using DFT methods not including the central atom [72] 
suggest that the Mo(IV)- 6 Fe(II)-Fe(III) oxidation level with a spin distribu- 





V* 

Fig. 5 Representation of the active site of the nitrogenase. The central part corresponds 
to the MoFe 7 S 9 cluster. The carbon, molybdenum, oxygen, iron, sulfur, nitrogen, and hy- 
drogen atoms are represented by spheres of different shades of gray, from dark to bright, 
respectively 
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tion shown in 7 fulfills most of the experimental data, such as redox poten- 
tials and structural parameters. This is also, theoretically, one of the more 
stable distributions. In this spin distribution, there is an antiferromagnetic 
interaction between the terminal Fe(III) cation and the other three Fe(II) 
ions of the Fe 4 cubane resulting in an S value of 7/2. This Fe 4 cubane is also 
antiferromagnetically coupled with the Fe 3 triangle that has S=2 due to the 
frustration, resulting in a total value of 3/2 which is in agreement with the 
experimental measurements. However, the inclusion of the central nitrogen 
atom is “non-innocent” for the electronic structure of this system. Dance 
has carried out an investigation [79], using a numerical basis set with the 
BLYP functional six different oxidation levels, to check which of them has a 
S=3/2 state with low energy. There are three feasible oxidation levels but 
only one of them, Mo(IV)-4Fe(II)-3Fe(III), shows a redox potential in agree- 
ment with the experimental data. Other authors, such as Noodleman [76] 
and Norskov [80], have reached the same conclusion, also using different 
criteria such as geometrical parameters by comparison of optimized DFT 
structures with the experimental crystal data. The more stable spin distribu- 
tion is the one that is proposed for the other oxidation level (see 7), with the 
two extra Fe(III) cations placed in the Fe 3 triangle with opposite spins corre- 
sponding to an antiferromagnetic coupling between them. This result was 
expected because, as was indicated previously for the iron-sulfur cluster, the 
J(Fe(III)-Fe(III)) value should be the strongest antiferromagnetic coupling. 




7 

A theoretical study using the B3LYP functional devoted to the molecular 
complexes with a Cu 4 0 4 core was published recently. [81] This kind of struc- 
ture can be classified into three groups according to the intermetallic dis- 
tance. The first contains complexes with two short and four long Cu-Cu 
distances, called 2+4 (see 8). The second class presents four short and two 
long Cu- ■ -Cu distances, and will be labeled from here on as 4+2 (those with 
S 4 symmetry, 9). Finally, for compounds in the third class all six Cu- ■ Cu 
distances are similar, and they will be termed 6 + 0 . 
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Two systems were selected for such a study: a complex with a 2+4 type 
structure and hydroxo bridging ligands and an alkoxo-bridged complex that 
belongs to the 4+2 category (see Fig. 6). 

The results for the 2+4 type complex indicate that the high spin state 
(S=2) is the ground state and the two calculated exchange coupling con- 
stants, corresponding to the intradimer (}) and interdimer coupling (J'), are 
+68.0 and +0.6 cm -1 , respectively. Experimental values are +15.1 and 
+0.2 cm -1 , respectively [82]. It is worth noting that this complex shows a 
relatively small experimental J value compared with other hydroxo-bridged 
binuclear complexes with similar Cu-O-Cu angles, even if it shows a small 
roof-shape distortion of the Cu 2 0 2 framework which was found to enhance 
the ferromagnetic behavior [48, 49]. 

The second complex containing a Cu 4 0 4 core has alkoxo-bridging ligands 
and adopts a 4+2 structure with approximate S 4 symmetry. The calculated J 
and Y values are +44.1 and +6.2 cm -1 , respectively. Comparison with the ex- 
perimental values, +44.9 and -16.3 cm -1 , indicates a discrepancy in the sign 
of y [83], The analysis of the superexchange pathway for the J' constant 




Fig. 6 Representation of two complexes with Cu 4 0 4 cubane core. Attending to the pro- 
posed classification, one of them has a 2+4 type structure (left, see 8) while the second 
one belongs to the 4+2 category (right, see 9) The carbon, copper, oxygen, chlorine, ni- 
trogen, and hydrogen atoms are represented by spheres of different shades of gray, from 
dark to bright, respectively 



Theoretical Study of the Exchange Coupling in Large Polynuclear Transition Metal 89 






* 



* 



r 








Fig. 7 Representation of a complexes containing the [Mn(IV)Mn(III) 3 03 Cl ] +6 cubane 
core. The Mn(IV) cation is that coordinated to the three oxygen atoms of the cubane, la- 
beled as 4 in the exchange interactions described in the text (see Eq. 10). The carbon, 
manganese, oxygen, chlorine, and hydrogen atoms are represented by spheres of different 
shades of gray, from dark to bright, respectively 



shows the presence of two long Cu- ■ -0 distances of 2.5 A at each side of the 
bridge. Equivalent binuclear complexes with long bridging Cu- ■ 0 distances 
show rather small exchange coupling constants, of ca. ±1 cm -1 . An alterna- 
tive procedure to calculate the coupling constants for this complex is to 
transform the Cu 4 0 4 core in to a simple Cu(II) binuclear complex by replac- 
ing two Cu(II) centers by diamagnetic Zn(II) ones. The new hypothetical 
systems generated in this way are equivalent to Cu(II) binuclear complexes 
and allows one to calculate the two coupling constants depending on the 
sites occupied by the Cu(II) atoms. This approach gives values of J and ]' of 
+49.4 and +2.9 cm -1 , respectively, very close to those obtained from the cal- 
culation for the original Cu 4 0 4 core. 

The exchange coupling constants of a complex with a [Mn(IV) 
Mn(III)30 3 Cl] +6 cubane core (see Fig. 7) were calculated by Noodleman et 
al. using an LCAO X-a method [84]. Two exchange coupling constants have 
been employed to describe the interaction using the following Hamiltonian: 

H = — / 33 (S1S2 + S1S3 + S2S3) — / 34 (SiS 4 + S2&1 + S 3 S 4 ) (10) 

where / 33 and / 34 correspond to the Mn(III)-Mn(III) and Mn(III)-Mn(IV) in- 
teractions, respectively. The results including a perturbational GGA correc- 
tion to the local results are +38.6 and -93.2 cm -1 for / 33 and / 34 , respectively, 
which is good agreement with the experimental values of +24.2 and 
-53.6 cm -1 [85]. The analysis of the spin populations of the S=9/2 single-de- 
terminant state reveals the predominance of a polarization mechanism in 
the exchange pathways for this kind of interactions. 
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One of the problems in polynuclear complexes with antiferromagnetic 
coupling, for instance in cubane structures, is the existence of frustration 
due to the impossibility that all the spins adopt the opposite direction in re- 
spect to their neighbors when the interactions are antiferromagnetic. This 
physical behavior results in a loss of the co-linearity of the spins, usually 
called spin canting. In order to study such effect in polynuclear transition 
metal complexes, Yamaguchi and coworkers have implemented a generalized 
spin density functional theory that allows to the spin adopt different orien- 
tations in the space [86-88]. The application of such an approach has been 
tested with some polynuclear complexes, such as Mn 4 0 4 cubanes. 

3.2 

Single-Molecule Magnets 

Pederson and coworkers have studied the exchange coupling constants in 
different polynuclear complexes, some of them presenting single-molecule 
magnet behavior [89]. They have employed their own computer code 
NRLMOL using the generalized-gradient approximation functional proposed 
by Perdew, Burke and Ernzerhof (PBE) [90], and Gaussian basis sets. The 
K 6 [Vi 5 As 6 0 42 (H 2 0 )]- 8 H 2 0 compound is a polyoxometalate complex synthe- 
sized by Muller et al. showing a ground state with S= 1/2 as result of the in- 
teraction of the 15 V(IV) cations [91, 92]. The structure can be described as 
two parallel hexagons formed by the V(IV) cations with a central triangle. 
The analysis of the topology reveals that there are six different exchange 
coupling constants (see Fig. 8). The structure was optimized using the PBE 
functional and thirteen spin configurations where calculated to obtain, using 
a fitting, the six exchange coupling constants: J=-290.3, J'=22.7, ]"=— 15.9, 
J!=-13.8, J 2 =-23.4, and J 3 =— 0.55 meV (1 meV=8.065 cm -1 ) [35, 93]. It is 




Fig. 8 Representation of the molecular structure of the V 15 complex (left). The larger 
spheres correspond to the vanadium atoms. Scheme showing the interactions between 
the V(IV) cations corresponding to the six exchange interactions considered for the de- 
scription of the magnetic properties (right) 
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worth noting the presence of a ferromagnetic coupling in this compound. 
The results of the diagonalization of the Heisenberg Hamiltonian matrix in- 
dicate a ground state with S= 1/2 whilst the first excited state has S=3/2. This 
is in agreement with the experimental data, however, the calculated doublet- 
quadruplet gap is 10 K which is significantly larger than the experimental 
value of 3.7 K [94]. Likewise, there are also important differences between 
the calculated and experimental magnetic susceptibilities. Both discrepan- 
cies can be explained by the too large calculated J values. Boukhvalov et al. 
have performed a similar study of the V 15 complex using a LDA+U method 
[95] obtaining the following results for U=5.0 eV, J=-139.4, J'= — 5.2, 
J"=-20.6, j!=-29.0, J 2 =— 21.0, and J 3 =— 0.6 meV [96]. They considered also 
three next-nearest-neighbor interactions with relatively small exchange cou- 
pling values with the same order of magnitude as the J 3 interaction. They an- 
alyzed the influence of the U parameter in the calculated values. The indicat- 
ed value being the one that better reproduces the experimental magnetic 
susceptibility. The inclusion of the on-site repulsion parameter U improves 
the results provided by the PBE functional and results in a better agreement 
with the experimental magnetic susceptibility and a doublet-quadruplet gap 
of 4.92 K. 

Recently, a new single-molecule magnet [IVhL^CL^C^CEt^py^k was 
synthesized and characterized by Wernsdofer and coworkers [97]. The com- 
plex can be described as a dimer of a 3Mn(III)-Mn(IV) complex through hy- 




Fig.9 View of the molecular structure corresponding to the [MmCLCLRCLCEtbfpybk 
dimer complex. The carbon, manganese, oxygen, chlorine, nitrogen, and hydrogen atoms 
are represented by spheres of different shades of gray, from dark to bright, respectively 
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drogen bonds and Cl- ■ Cl interactions, usually called Mn 4 dimer (see Fig. 9). 
Each monomer has S=9/2, due to the ferromagnetic coupling between the 
three Mn(III) cations, being the exchange coupling with the Mn(IV) cation 
through oxo bridging ligands antiferromagnetic. This compound exhibits a 
new and peculiar behavior, showing quantum tunneling prior to magnetic 
field reversal and an absence of quantum tunneling at zero field in contrast 
with the typical single-molecule magnets, as Fe 8 and Mn 12 complexes. The 
calculated exchange interaction using the PBE functional between the two 
Mn4 complexes is 0.24 K using the optimized structure for the monomer 
and 0.27 K when the experimental structure was employed [98, 99]. These 
two values are slightly larger than the experimental value of 0. 1 K. The study 
of Pederson et al. also has shown a linear dependence between the logarithm 
of the calculated exchange constants and the monomer-monomer relative 
distance. 

The Mn 12 complex is considered as the prototype of single-molecule mag- 
net and many studies were devoted to the original compound and its deriva- 
tives (see Fig. 10) [13, 14]. The exchange coupling constant of the Mn 12 com- 
plex has also been calculated using different approaches (see Table 4) [100- 
102]. In this case, some experimental values have been proposed despite the 




Fig. 10 Representation of the Mn 12 complex. The four exchange interaction pathways 
have been indicated by different lines. The carbon, manganese, oxygen, and hydrogen 
atoms are represented by spheres of different shades of gray, from dark to bright, respec- 
tively 
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Table 4 Proposed parameters from experimental data and calculated values using different 
DFT methods of the exchange coupling constants J (K) for the Mn 12 complex. The LDA+U 
results have been obtained using a U value of 8.0 eV 





Exp. 1 


Exp. 2 


Exp. 3 


LDA+U 


PBE 


B3LYP 


Jl 


-225 


-215 


-119 


-94 


-115 


-76 


h 


-90 


-85 


-118 


-52 


-84 


-40 


h 


-90 


-8 


+8 


-60 


+4 


+7 


u 


0 


+64.5 


-23 


-14 


-17 


-9 


Ref. 


[14] 


[103] 


[104] 


[101] 


[102] 


[100] 



impossibility of performing a complete fitting of the magnetic susceptibility 
due to the large number of states involved. The experimental values labeled 
as Exp. 1 correspond to the original experimental work but this set of param- 
eters does not lead to an S=10 ground state [14]. The second set of proposed 
values reproduces correctly the multiplicities of the ground and first excited 
state and its experimental energy difference of 35 K. However, it does not 
lead to a satisfactory magnetization curve [103]. The third set of parameters 
seems to be more accurate as they reproduce correctly the essential experi- 
mental information [104]. The analysis of the DFT values indicates that only 
the results with the PBE functional and B3LYP functionals reproduce cor- 
rectly the sign of the J 3 interaction. The theoretical methods indicate that 
the Ji and J 2 interactions are the strongest antiferromagnetic coupling in 
agreement with the set of parameters proposed from the experimental data. 
As expected, due to the worse description of the exchange terms, the PBE 
functional leads to values that are larger than those provided by LDA+U or 
B3LYP functionals. 

This section has been devoted to show a historical perspective of the the- 
oretical work dedicated to studying the exchange interactions in polynuclear 
transition metal complexes. As indicated previously, the other important pa- 
rameters that controls the magnetic properties, especially in the case of the 
single-molecule magnets, are those related to the magnetic anisotropy that 
can be quantified through the E and D zero-field splitting parameters. De- 
spite this review being mainly dedicated to the exchange interactions, it is 
worth making a brief discussion about the calculation of the zero-field pa- 
rameters due to the importance of the magnetic anisotropy effects. The 
study of such parameters for single-molecule magnets was carried out in 
Pederson’s group by introducing the spin-orbit effect using a perturbative 
approach [17, 105-108], The results using the PBE functional for some poly- 
nuclear complexes are shown in Table 5. 

The agreement between the calculated zero-field splitting parameters us- 
ing the PBE functional and the experimental values can be considered excel- 
lent taking into account the magnitudes involved. Only the case of the Co 4 
complexes shows considerable deviations from the experimental values. 
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Table 5 Zero-field splitting parameters E and D (K) for some transition metal complexes 
calculated with the PBE functional and performing a structural optimization except for the 
Fe 4 complex where the experimental structure was employed 





S 


locale 


I^exp 


Ecalc 


F 

-‘-'exp 


Ref. 


Mn 12 0 12 (0 2 CH) 16 (H 2 0) 4 


10 


-0.56 


-0.56 


0 


0 


[17] 


[Mn 10 O 4 (2,2'-biphenoxide) 4 Br 12 ] 4 


13 


-0.06 


-0.05 


0 


0 


[110] 


[Fe 8 0 2 (0H) 12 (tacn) 6 ]Br-9H 2 0 


10 


-0.53 


-0.205 


0.054 


0.038 


[111] 


Co 4 (CH 2 C 5 H 4 N) 4 (CH 3 0) 4 C1 4 


6 


-0.64 


-5.6 


0 


0 


[109] 


Fe 4 (OCH 2 ) 6 (C 4 H 9 ON) 6 


5 


-0.56 


-0.57 


0.06 


0.05 


[89] 


Cr(N(Si(CH 3 ) 3 ) 2 )3 


3/2 


-2.49 


-2.66 


0 


0 


[89] 



These discrepancies are probably due to large differences between the opti- 
mized structure employed in the calculations and the experimental one [109, 
112]. In conclusion, after the analysis of the presented results, it is possible 
to affirm that theoretical methods based on density functional methods can 
be employed to reproduce the experimental data and to analyze the ex- 
change coupling constants and the zero-field splitting parameters of polynu- 
clear transition metal as well as a predictive tool for the design of new mo- 
lecular nanomagnets. In the next section, a detailed example of how theoret- 
ical methods can help in the analysis and understanding of the magnetic be- 
havior of some hexanuclear transition metal complexes will be presented. 



4 

A Detailed Example: Hexanuclear Cu(ll) and Ni(ll) Polysiloxanolates 

The hexanuclear complexes of Cu(II) and Ni(II) with polysiloxanolate lig- 
ands display different magnetic behavior [20]. The Cu(II) complex shows a 
ferromagnetic coupling with a ground state of S=3 [113], while in the case of 
the Ni(II) complex the ground state has S=0 [114]. Analysis of the crystal 
structures reveals a similar structure of the complex, but in the case of the 
nickel atom a chloride anion is placed in the center of the channel in order 
to complete the octahedral coordination whilst the copper atom has square 
pyramidal coordination (see Fig. 11). 

The calculation of the exchange coupling constants of the polysilox- 
anolate complexes were performed using the B3LYP [41] as implemented in 
Gaussian98 code [115]. A basis set of triple-^ quality [116] was employed for 
the copper and nickel atoms and a double-^ quality for other atoms [117]. 
The only modelisation adopted was to substitute the phenyl rings of the 
polysiloxanolato ligands for hydrogen atoms. For the calculation of the ex- 
change coupling constants the three spin distributions shown in 10 were cal- 
culated. 
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Fig. 11 View of the hexanuclear Cu(II) polysiloxanolate complex (left) and the corre- 
sponding Ni(II) complex with a chloride anion in the middle of the channel (right). The 
carbon, copper, nickel, oxygen, chlorine, silicon, and hydrogen atoms are represented by 
spheres of different shades of gray, from dark to bright, respectively 
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The analysis of the symmetry of the two complexes indicates that the Cu 6 
complex has C 3 symmetry and C 2 the Ni 6 analogue. Many exchange coupling 
constants can in principle be calculated (see 11) but these can be reduced by 
similarity, to facilitate the comparison with the experimental data as indicat- 
ed in 12. From the calculated energies of these spin configurations one can 
then extract exchange coupling constants by associating them to energy ex- 
pressions obtained as explained above, assuming J (Eq. 12) for the Cu 6 com- 
plex: 





1 1 



12 
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Table 6 Exchange coupling constants calculated (in cnT 1 ) for the Cu 6 complex using mag- 
netically dinuclear compounds by means of diamagnetic Zn substitution (Cu 2 Zn 4 column), 
and for the full hexanuclear complex using Eq. (11) [20] 



Cu 2 Zn 4 Cu 6 Exp. 1 Exp. 2 

J +38 (av.) a +37.9 +42 +37.5 

J' -0.3 -0.26 b -0.62 

J" -1.3 - b -1.35 

a Average of two first-neighbor interactions: J 12 =+33 cm -1 and J 13 =+43 cm -1 
b Assumed to be negligible 



/— (E a —E f )/6o (11a) 

J'=J-(E a -E b )/4o (lib) 

or /= 0 (Eq. 12) for the Ni 6 complex: 

/ — (E a — E b )/4o (12a) 

J" = (E a — E F )/3o — 2/ (12b) 



where a=2SiS 2 +S 2 (being S 4 <S 2 ) because the non spin-projection option 
was employed due to use of the B3LYP functional (see above). The alterna- 
tive approach of replacing four paramagnetic centers for diamagnetic Zn(II) 
cations, to obtain dinuclear complexes from the point of view of the magnet- 
ic properties, was also employed. The results for the Cu 6 and Ni 6 complexes 
are collected in Tables 6 and Table 7 respectively. 

The coupling constants obtained for the Cu 6 complex with both ap- 
proaches are consistent, giving the same description of the exchange interac- 
tions: first-neighbor interactions are ferromagnetic with J values of about 
+40 cm -1 , as expected from the Goodenough-Kanamori rules for bridging 
Cu-O-Cu angles of 91-92°, and are in excellent agreement with the value re- 



Table 7 Exchange coupling constants calculated for the Ni 6 complex using magnetically din- 
uclear compounds by means of diamagnetic Zn substitution (Ni 2 Zn 4 Cl column), and for 
the full hexanuclear complex using Eq. (12), respectively, with or without the central chlo- 
ride ion [20] 





Ni 6 


Ni 2 Zn 4 Cl a 


Ni 6 Cl 


Exp. 1 


Exp. 2 


J 


+4.01 


+22.8 


+25.4 


+18.6 


+ 17.8 


y 


+0.05 


-3.3 


- 


— 1 1.8 b 


-3.9 


j" 




-26.3 


-28.1 


— 1 1.8 b 


-22.2 



a For the Ni 2 Zn 4 Cl case, the values given are the averages of the analogous but non- 
equivalent coupling constants (J is the average of J 12 , J 13 and J 24 ; J' is the average of J 14 , 
J 15, an d J45) 

b J' and J" were assumed to be equal 
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Fig. 12 Experimental ( circles ) %-T (T) curve for the Cu 6 and Ni 6 Cl complexes compared 
to the curves obtained with the theoretical J values 



ported as the best fitting to the experimental magnetic susceptibility data. 
Second- and third-neighbor interactions are much weaker and just 
marginally antiferromagnetic, thus providing support to the hypothesis 
adopted for the first fitting of the experimental data, namely J , w}"wO. The 
temperature dependence of the magnetic behavior resulting from the theo- 
retical } values through the full diagonalization of the Heisenberg matrix is 
plotted in Fig. 12 along with the previously reported experimental data, 
showing an excellent agreement, down to 20 K. A new fitting of the experi- 
mental data was performed guided by the calculated values yielding to cou- 
pling constants (Table 6, last column) consistent with the theoretical results 
obtained with three different approaches. Remarkably, the magnetic behav- 
ior of this Cu 6 complex can be explained basically through only first-neigh- 
bor interactions. 

In the case of the Ni(II) complex, we will consider the calculations for 
the, so far hypothetical, molecule without the chloride guest, (abbreviated as 
Ni 6 ), and then it will be considered the real Ni 6 Cl system. In the former case, 
the calculated energies for the three spin configurations considered are 
shown in Fig. 13 (center). It is seen that the energy ordering is the same as 
for the Cu 6 analogue but with smaller energy differences, and summarized 
by the resulting positive coupling constant between nearest neighbors. 

The presence of the guest chloride in the center of the hexanuclear ring 
dramatically affects the energies of the spin configurations considered 
(Fig. 13, right), clearly indicating an antiferromagnetic behavior, as found 
experimentally. Such energy ordering scheme translates into the coupling 
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Fig. 13 Calculated energies for three different spin configurations of the hexanuclear 
polysiloxanolate complexes 



constants of Table 7, significantly ferromagnetic between nearest-neighbors, 
of the same order of magnitude but antiferromagnetic for the interaction 
through a linear Ni-Cl-Ni bridge, and rather small for second neighbors. A 
better idea of how well the calculated coupling constants describe the mag- 
netic behavior of this compound can be obtained by looking at Fig. 12, 
where the theoretical £-T (T) curve together with the previously reported ex- 
perimental values is shown. Therefore, in this case the approximation used 
in the first fitting of the temperature-dependence of the magnetic suscepti- 
bility (J'=J") seems to be inappropriate. Using the calculated values as the 
starting point for a new fitting of the experimental data, a new set of ex- 
change coupling constants was obtained (Table 7, last column) that are in 
excellent agreement with the calculated values for the Ni 2 Zn 4 Cl and Ni 6 Cl 
clusters. Comparison of the results obtained for the pristine M 6 clusters with 
those for the Ni 6 Cl compound with a chloride guest leads to the conclusion 
that the interaction of the Ni z 2 orbitals through the chloro-bridge deter- 
mines its different behavior, as previously proposed by Cornia et al. [114]. 
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Abstract SIESTA was developed as an approach to compute the electronic properties and 
perform atomistic simulations of complex materials from first principles. Very large sys- 
tems, with an unprecedented number of atoms, can be studied while keeping the compu- 
tational cost at a reasonable level. The SIESTA code is freely available for the academic 
community (http://www.uam.es/siesta), and this has made it a widely used tool for the 
study of materials. It has been applied to a large variety of systems including surfaces, 
adsorbates, nanotubes, nanoclusters, biological molecules, amorphous semiconductors, 
ferroelectric films, low-dimensional metals, etc. Here we present a thorough review of the 
applications in materials science to date. 

Keywords DFT • Localized bases • Atomic orbitals ■ Linear scaling • Semiconductors ■ 
Ferroelectrics • Metals • Magnetic materials ■ Zeolites ■ Minerals • Clusters • Surfaces • 
Interfaces • Nanomaterials ■ Biomolecules 
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All-electron tight-binding linear muffin-tin orbitals method 
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1 

Introduction: DFT and the SIESTA Method 

During the last decades, computational simulations have emerged as a field 
of paramount importance in many areas of science, complementary to both 
experiments and traditional theory. Materials science is no exception. 
Among the simulation methods that are having a major impact in materials 
research are those that study materials from an atomistic point of view, try- 
ing to derive the macroscopic properties from the behavior at the atomic 
level. In this area, electronic structure based techniques are a class on their 
own. The electrons are ultimately responsible for the binding of the atoms 
that build the material, and the nature of the electronic states determines 
the properties and its response to the environment. The prospect of being 
able to solve the equations that govern the microscopic behavior of electrons 
and nuclei has been present since the early days of quantum mechanics as a 
way to understand and predict the properties of condensed matter in detail. 
Both the development of powerful numerical techniques (hand in hand with 
the advent and continuous improvement of the power of digital computers), 
and the derivation of approximate schemes to simplify the coupled many- 
body quantum-mechanical problem, has brought us to a situation in which 
it is possible to solve systems as complex as biological molecules like DNA 
[ 1 ]. 
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Among the methodological advances that have enabled us to solve the 
electronic structure of complex materials, the Density Functional Theory 
(DFT) [2, 3] plays a starring role. It provides a framework within which the 
basic physics of many-electrons systems can be understood without the 
complexities of the many-body wave function [4]. However, and more im- 
portantly for the applications, it represents a practical way of performing 
computations in systems with a large number of electrons, without encoun- 
tering the exponential system size dependence present in accurate wave 
function methods. The practical schemes for DFT rely on approximations to 
the exact theory, which have nevertheless been very thoroughly tested dur- 
ing the last decades, giving us a large body of experience on which are the 
properties and systems that can be accurately described. We now count on 
practical DFT approaches which are able to provide ground state total ener- 
gies accurate to a level often comparable to that of quantum chemistry 
methods based on wave functions. Having access to the total energy of the 
ground state gives us much more information than might appear at first 
sight: for instance, the equilibrium geometry, the structure around defects 
and impurities, the activation energy of diffusion of atoms, or the atomic vi- 
brations (to mention just a few properties) can be obtained using the knowl- 
edge of the variation of the total energy with the atomic positions. Besides, 
properties of the excited states (like electronic excitations, optical processes, 
photoinduced atomic rearrangements, etc.) are starting to be accessible to 
DFT techniques due to recent advances such as Time-Dependent DFT [5], 
although they are considerably more expensive computationally and not so 
widespread and commonly used as the ground state techniques. 

The introduction of the so-called Car-Parrinello [6] and related methods 
(for a review see [7]) brought a new perspective to the field, by coupling 
the calculation of total energies and forces from DFT with the techniques of 
Molecular Dynamics (MD) [8]. These methods are allowing for realistic sim- 
ulations of the atomic dynamics, thus making possible a direct understand- 
ing of chemical reactions and other atomistic processes. This has opened 
the door to virtual, computational experiments, in which the physical prop- 
erties are simulated on a computer instead of the laboratory, leading to in- 
formation and insight that can be difficult or even impossible to obtain in a 
real experiment. 

Important effort has been devoted to the efficiency aspects of practical 
DFT implementations. However, their complexity, in terms of the scaling 
with the size of the system or the number of electrons, has remained a seri- 
ous obstacle for the application to systems with very large sizes. The reason 
is that the computational effort required for the solution scales in general as 
the cube of the system size (or number of atoms being considered) [7]. This 
is due to the step involving the diagonalization of the electronic Hamiltoni- 
an, and the orthogonalization of the wavefunctions. Although this is a much 
less stringent obstacle than the exponential scaling of the most accurate 
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quantum chemistry methods, it still poses a practical barrier for reaching 
systems with more than a very few hundreds of atoms (in the most powerful 
parallel supercomputers). However, since the beginning of the past decade, 
great advances have been made towards eliminating this superlinear barrier, 
and to develop methods that scale only linearly with system size: the so- 
called Order-N, O(N) or linear-scaling methods [9, 10]. These O(N) ap- 
proaches provide an approximate solution of the electronic problem, mak- 
ing use of the localization properties (either for the electronic states, in 
terms of Wannier functions, or for the density matrix), and allow to reach 
system sizes of a few thousands of atoms, even in (modern) personal com- 
puters. 

While the implementation of (O(N)) approaches with empirical tight 
binding Hamiltonians [11] is rather straightforward [9], the application in 
the context of DFT is much more involved. One of the successful approaches 
is the SIESTA method, which is the subject of this paper. SIESTA (which 
stands for Spanish Initiative for Electronic Simulations with Thousands of 
Atoms) is a fully selfconsistent implementation of DFT, based on a flexible 
linear combination of atomic orbitals (LCAO) basis set, with essentially per- 
fect O(N) scaling. It allows for extremely fast calculations using small basis 
sets, and very accurate calculations with multiple-zeta and polarized bases, 
depending on the accuracy required and the available computational power. 
Being based on localized orbitals, the method is well suited to describe sys- 
tems with arbitrary dimensionality (from molecules or clusters to three-di- 
mensional crystals), since the presence of vacuum does not involve an extra 
cost as in the case of plane-wave approaches. The method has been intro- 
duced in previous publications [12, 13] and thoroughly described in detail 
in a recent paper [14], and therefore we will only give here a brief overview 
of the most important aspects of the method. A previous review [15] de- 
scribed early applications mainly to nanoscale materials, such as nanotubes, 
surfaces and biomolecules. 

As most of the electronic structure simulation methods, we start with the 
Born-Oppenheimer approximation to decouple the ionic and electronic de- 
grees of freedom. The ions are treated classically, while the electrons are de- 
scribed by quantum mechanics. The electronic wavefunctions are solved in 
the instantaneous potential created by the ions, and are assumed to evolve 
adiabatically during the ionic dynamics, so as to remain on the Born- 
Oppenheimer surface. Beyond this, the most basic approximations of the 
method concern the treatment of exchange and correlation (XC) and the use 
of pseudopotentials. XC is treated within Kohn-Sham DFT [3]. Both the local 
(spin) density approximation (LDA/LSDA) [16] and the generalized gradi- 
ents approximation (GGA) [17] are implemented. The pseudopotentials are 
standard norm-conserving [18, 19], treated in the fully non-local form pro- 
posed by Kleinman and Bylander [20]. 
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Sparsity of the Hamiltonian and overlap matrices is a requisite for O(N) 
methods. To achieve sparsity, we use strictly confined basis orbitals, which 
go to zero beyond a certain radius from their center, as originally proposed 
by Sankey and Nikleski [21]. The orbitals are of the atomic type, being the 
product of a numerical radial function times a spherical harmonic. The an- 
gular momentum of the basis orbitals can be arbitrarily large, and for each 
atom there can be one or several orbitals with the same angular shape but 
different radial shape (multiple-^ bases). The orbitals have a cutoff radius 
beyond which it is zero, this radius being in general different for each orbit- 
al. The radial shape of the orbitals, which is stored numerically, can be in- 
troduced by the user at will, so the method is not restricted to a given kind 
of radial functions. However, the code also provides several automatic pro- 
cedures to generate basis sets. These are described in [22-24]. These works 
also show the quality of these basis sets, which in the case of double-^ plus 
polarization (DZP) bases in general is comparable to that of plane waves 
(with the cutoff typically used for geometry optimizations and total energy 
differences calculations). Small basis sets like simple-^ (SZ) provide semi- 
qualitative results, in general similar to those of Car-Parrinello MD simula- 
tions with small plane wave cutoffs. In any case, it should be noted that, as 
in other localized basis approaches like Gaussians, the choice of the basis set 
is an important issue that should be given careful consideration for each 
particular problem (see [22-24] for details). Also, again similarly to the case 
of Gaussians, periodic systems require particularly chosen basis sets, which 
are in general more compact and shorter than the ones for molecules, since 
they do not need to describe the decay of the wavefunctions into vacuum. 

The matrix elements of the DFT Hamiltonian between basis set orbitals 
are computed using a range of techniques specifically suited for strictly local- 
ized atomic orbitals, which are described in [14]. Some matrix elements can 
be expressed in terms of two center integrals, which are stored beforehand 
as a function of distance between the centers, and interpolated during the 
dynamics, as in the case of the overlap and the pseudopotential Kleinman- 
Bylander projectors. Other matrix elements are computed by direct integra- 
tion on a three-dimensional real space grid. In any case, the calculation of all 
the non-zero matrix elements is done in O(N) operations, yielding an excel- 
lent performance even for very large systems. It should be noted that the lin- 
ear scaling of the calculation of the matrix elements holds independently of 
the type of system being considered, and is a direct consequence of the local- 
ization of the basis sets. However, the solution of the electronic Hamiltonian 
in O(N) operations by means of the use of the localization properties of the 
Wannier functions or the density matrix, involves approximations that only 
remain valid for the case of systems with a gap, and therefore fail in the case 
of metals. In these cases, the solution of the Hamiltonian must be done using 
the traditional techniques which scale as the cube of the system size, whereas 
the calculation of the Hamiltonian still scales linearly. 
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Upon solution of the electronic problem, the total energy of the system is 
obtained, as well as the forces on the atoms and the stress tensor. This allows 
one to perform structural relaxations and MD simulations. Several MD tech- 
niques are implemented and available in SIESTA. Besides, a wide range of 
properties related to the electronic structure can be readily obtained [14]. 
The efficiency and the wide range of utilities indeed make SIESTA a very 
useful tool for the study of complex materials. In this paper, we will review 
applications of SIESTA to a whole variety of different materials. We will give 
emphasis to inorganic solids, to which most of the applications of SIESTA 
have been devoted. In the next section we describe applications to different 
aspects of semiconductors, from bulk and defect states in crystals, to amor- 
phous semiconductors. The following section is focused on ferroelectric ma- 
terials. The section after that deals with metallic and magnetic systems. 
Then we describe applications to minerals and other open-structure materi- 
als like zeolites and clathrates. Interfaces and surfaces (including adsorption 
of atomic and molecular species) are the subject of another section. After 
this we describe several aspects of low dimensional inorganic and organic 
materials. The next section deals with applications to materials at the nanos- 
cale, like nanotubes and fullerenes, organic and biological molecules, clus- 
ters and nanoelectronic devices. Finally, we present a summary. 



2 

Semiconductors 

2.1 

Bulk States in Crystalline Semiconductors 

2.1.1 

Layered lll-VI Semiconductors 

The family of III— VI semiconductors (such as GaSe, InSe, and GaTe and 
their alloys) has an interest for potential applications to nonlinear optics, so- 
lar energy conversion and solid-state batteries. The materials have rather 
special properties due to their strongly anisotropic structure. The crystals 
have layers formed by anion-cation-cation-anion sheets, and while the 
bonds within the layer are strong (covalent and partially ionic), the layers 
are held together by weak, probably Van der Waals interactions. This can fa- 
vor the existence of polymorphs with different stacking sequences, as ob- 
served in InSe and GaSe, but not in GaTe. The layer structure leads to 
strongly anisotropic electronic properties, which are still not completely un- 
derstood (in contrast to those of other semiconductors). Application of hy- 
drostatic pressure is a way to achieve a better understanding of these mate- 
rials: the effect of pressure on the layers plane is very different from that be- 
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tween layers, leading to changes in the electronic structure that can be 
traced back to the structural changes, giving insight about the origin of the 
electronic structure features in the material. However, the availability of elec- 
tronic structure calculations has shown instrumental for making this corre- 
lation. For instance, a recent work combining SIESTA calculations and ex- 
periment [25] has explored the electronic band structure of GaTe, establish- 
ing that the material is a direct gap semiconductor. 

InSe is one of the III— VI semiconductors with a more interesting behavior 
under pressure. The effect on the electronic properties has been the subject 
of several studies. Segura and co-workers have provided a quite complete 
picture of the changes in the structural parameters (bond distances) [26] 
and the optical absorption [27] of InSe as a function of pressure. From the 
optical absorption spectra, they were able to infer the existence of three dis- 
tinct electronic transitions, one direct and two indirect. However, from the 
experiment it was not possible to assign their origin. SIESTA calculations 
[27-29] have been instrumental in understanding the origin of these optical 
transitions. The calculations show that the direct transition takes place in 
the Z point of the Brillouin zone, where the maximum of the valence band 
and the minimum of the conduction band are located at P=0. The first indi- 
rect transition was proposed to originate from a change of the position of 
the valence band maximum with increasing pressure, from the Z point to- 
wards a ring around that point, within the ZLH plane. The absorption would 
correspond to transitions from this ring to the minimum of the conduction 
band at the Z point. The assignment was supported by the excellent agree- 
ment between the calculated and experimental pressure coefficients of the 
energy difference between the indirect ZLH to Z and the direct Z to Z transi- 
tion (-20 meV/GPa and -19±5 meV/GPa, respectively). The second indirect 
feature was proposed to have its origin in a transition from the top of the 
valence band at the Z point to the conduction band at either the A [27] or B 
[28] point. Under pressure, both A and B shift down in energy, and therefore 
the edge of this indirect transition decreases with pressure, as observed in 
the experiment. Again, the pressure dependence of the difference between 
this transition and the direct one shows a very good agreement between the 
calculated (-89 meV/GPa) and experimental (-76±10 meV/GPa) results. 
The SIESTA calculations, however, failed to reproduce the crossover between 
the direct and the indirect transitions observed experimentally at about 
4 GPa. Ferlat et al. [28] have shown that the reason for this failure is the 
well-known problems of DFT to describe the gap energies, and that a post- 
DFT calculation in the GW approximation was able to solve this deficiency 
and explain the experimental crossover. 
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2.1.2 

Ternary Semiconductors 

Because of the increased structural and chemical degrees of freedom relative 
to their binary analogues, ternary semiconductors exhibit a wider range of 
chemical and physical properties [30], which can be tuned as a function of 
composition to tailor the needs of particular applications. An example is 
that of diluted ferromagnetic semiconductors like heavily Mn-doped GaAs 
alloys, which show ferromagnetic ordering at relatively high temperatures, 
and which will be the focus of a later section. 

Many applications of ternary semiconductors exploit their optical proper- 
ties. As an example, AgGaSe 2 is a direct gap semiconductor with highly non- 
linear optical properties and a wide transparency range, and is therefore 
useful for nonlinear optics [30]. Gonzalez et al. [31] have studied experimen- 
tally the optical and structural properties at high pressures using X-ray dif- 
fraction and optical absorption techniques, extracting the volume deriva- 
tives of the energy gap and the structural parameters (anion displacement 
and tetragonal distortion of the unit cell). They also performed SIESTA cal- 
culations of the structure and optical gap as a function of pressure. The cal- 
culated values agree within 10% with the experimental numbers, showing 
the accuracy of SIESTA to describe pressure-induced effects in these materi- 
als. 

Another possible application of semiconductor alloys, which so far re- 
mains a proposal at the theory level, is to high efficiency solar cells. Luque 
and Marti [32] showed that it is, in principle, possible to increase dramati- 
cally the efficiency of solar cells by using a material with a partially filled, 
intermediate band of states in the semiconductor’s energy gap. This material 
can create an electron-hole pair by absorbing two phonons with sub-band 
gap energy, using this intermediate band as an intermediate state. In the 
quest for possible materials which display this kind of intermediate band, 
Wahnon et al. [33-35] have explored the formation of an intermediate band 
in III-V semiconductors by adding different substitutions to the binary ma- 
terial. In particular, they considered the case of substitutions of the transi- 
tion metals Sc, Ti, V, and Cr. They only studied model phases with stoichio- 
metric compositions (Ga 4 X 3 M and Ga 3 X 4 M, where X is As or P and M is Sc, 
Ti, V, or Cr), which are therefore highly ordered crystals with small unit 
cells, whereas one may expect that in the real alloys disorder may be present. 
However, they showed that some of these model compounds (in particular 
those in which the transition metal substitutes the As or P atoms) indeed 
show partially filled intermediate bands, and are therefore candidates for 
high efficiency solar cell materials. 
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2.2 

Defects in Crystalline Semiconductors 

2.2.1 

Defects and Impurities in Silicon 

Silicon is, of course, the most important materials for electronics. Despite 
the tremendous amount of work done both from experiment and theory, 
many issues still remain unresolved concerning the atomistic details of the 
structure and dynamics of defects and impurities in silicon. Several SIESTA 
studies have focused on resolving some of these open problems. 

Together with vacancies, self-interstitials are the fundamental native de- 
fects in crystalline silicon. Estreicher et al. [36-38] have studied the problem 
of the structure and dynamics of self-interstitial clusters. After determining 
the most stable structures for I n clusters (i.e., aggregates of n silicon self-in- 
terstitials), they focused on the dynamics of diffusion, by means of MD sim- 
ulations. They found the surprising result that the diffusion of the I 2 and I 3 
aggregates is much faster than that of a single interstitial. The diffusion of 
the I 2 and I 3 is so fast that it is readily observed in the MD simulations in 
the time scale of picoseconds, whereas no diffusion event in the single inter- 
stitial was observed. The enhanced rate of diffusion in the clusters is due to 
the fact that the interstitials are located around a single Si-Si bond center. 
The diffusion proceeds by an exchange mechanism: the cluster of intersti- 
tials pushes one of the Si host atoms, and displacing it to the next interstitial 
site. Then, one of the interstitial atoms takes the host position of the dis- 
placed Si, whereas the rest of the interstitials follow it, resulting in a net mo- 
tion of the complex. Therefore, the presence of several interstitials in the ag- 
gregate facilitates the initial displacement of the host atom, making the ex- 
change mechanism more likely to occur than in the simple interstitial case. 

Vibrational spectroscopy is one of the most powerful experimental tech- 
niques to obtain insight about the structure of impurities in semiconduc- 
tors. The availability of theoretical predictions of the vibrational modes is a 
key to correlate the experimental frequencies with structural models. Prune- 
da et al. [39, 40] have developed a method to calculate vibrational modes 
within SIESTA by computing the dynamical matrix using linear response 
theory [41]. They have computed the vibrational modes of a large number 
of light impurities in silicon, including interstitial hydrogen, hydrogen 
dimers, vacancy-hydrogen and self-interstitial-hydrogen complexes, the 
boron-hydrogen pair, substitutional C, and several O-related defects. They 
found that the method is able to predict the vibrational frequencies with a 
typical accuracy within about 2% from the experimental values for most of 
the modes, and within 5% for the most anharmonic ones, being therefore an 
invaluable tool for the assignment of experimental spectra. 
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Hydrogen is a common impurity in silicon, and often affects the electrical 
and optical properties of the material, mainly by passivating the energy lev- 
els associated with defects and impurities. Estreicher et al. [38, 42-45] have 
studied two aspects of the problem. The first one is the behavior of intersti- 
tial H 2 molecules, which, although it might seem a simple problem a priori 
(given the fact that the molecular nature of the impurity implies a small in- 
teraction with the host crystal), still poses a number of puzzling experimen- 
tal observations [45]. Estreicher et al. [42, 43] found by means of SIESTA 
MD simulations, that some of the inconsistencies between previous static 
calculations and the experimental observations could be explained by the 
dynamic character of the molecule, which even at low temperatures moves 
very significantly away from the most stable position (a tetrahedral intersti- 
tial site). The second problem [44] was the structure and electronic proper- 
ties of complexes of silicon self-interstitials and aggregates of hydrogen im- 
purities (the U,H n ] complexes). 

Besides light impurities, other heavier chemical species are common con- 
taminants during silicon processing. An example is copper, which has a 
strong tendency to precipitate at oxides, lattice defects and surfaces. Estre- 
icher et al. [46] have studied the structure of Cu impurities at intrinsic de- 
fects such as mono- and di-vacancies in silicon, and the interaction with 
interstitial hydrogen. They find that Cu fills the monovacancy site, with a 
tetrahedral coordination, but with a relatively small binding energy of 
2.5 eV. At the di-vacancy, Cu takes the position near the center of the defect, 
becoming sixfold coordinated. Substitutional Cu becomes a trap for H inter- 
stitials, forming complexes with up to three H atoms. Another study by Es- 
treicher and coworkers [47] focused on the vibrational features associated 
with Cu and Cu pairs in silicon. The heavy mass of Cu makes its vibrational 
modes to be below the optical phonon of the host silicon crystal, therefore 
making them very much less localized than those of light impurities. Howev- 
er, Estreicher et al. also found that, for some of the Cu impurity structures, 
the associated modes are pseudolocal and therefore can be observed as side- 
bands in the photoluminescence spectra associated with the impurity levels. 

Precipitation at the oxide interface is not only a feature of undesired im- 
purities as Cu; dopants also segregate at the Si/Si0 2 interface, becoming de- 
activated and therefore reducing the doping efficiency. Baierle et al. [48] 
studied the case of P, which was found to segregate due to three factors: (i) 
trapping at interfacial dangling bonds, (ii) trapping at vacancies and vacan- 
cy-oxygen complexes which abound under the interface, and (iii) formation 
of pairs of threefold coordinated P atoms, each one controlling the deactiva- 
tion at different ranges of dopant concentration. 
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2 . 2.2 

Defects and Impurities in Silicon Carbide 

Over the years, silicon carbide (SiC) has established itself as the most 
promising candidate among wide band gap semiconductors to substitute sil- 
icon in applications involving high power and/or high frequency devices, 
and for operation at high temperatures or in high radiation environments. 
The main drawback in using SiC for device applications is the difficulty in 
doping the material, which in practice can only be achieved by means of ion 
implantation. Doping by diffusion, as is done in Si, is not possible in SiC 
due to the small diffusion coefficient of the main dopant species. Doping via 
ion implantation has the obvious problem that the crystalline lattice can be 
heavily damaged, and thermal annealing post-treatments are not always able 
to recover the crystallinity and remove the point defects created. Therefore, 
understanding the formation and configuration of defects and dopant impu- 
rities, and their kinetics, is of capital importance for optimizing the doping 
process and the thermal annealing of defects. First principles calculations 
are of great utility. Rurali and coworkers [49-52] and Gali et al. [53] have 
analyzed different aspects of dopants and intrinsic defects in SiC, by means 
of SIESTA calculations. 

B is one of the most commonly usedp-type dopants in SiC. Diffusion of B 
in SiC was found to be activated by a kick-out mechanism, in which a B sub- 
stitutional impurity at a Si lattice site is displaced by a nearby Si interstitial 
[49]. The displaced B takes an interstitial site that can then diffuse through 
the crystal. Rurali et al. [49, 50] also determined the lowest energy diffusion 
path of the interstitial B impurity, going from a trigonal site to the next one 
via C and Si interstitialcies, with a barrier of 0.65 eV. B interstitials therefore 
diffuse easily through the SiC crystal until they recombine with an existing 
vacancy or they reach the surface. The difficulty observed in the experiment 
is therefore associated with the activation of the B interstitial, which must 
proceed via a Si self-interstitial, rather than the diffusion process itself. This 
explains the experimental observations of an enhanced diffusion rate in the 
presence of intrinsic defects [54]. 

The most stable sites for «-type dopants in SiC have been determined by 
Rurali et al. [51]. They found that N and P substitute preferentially at C and 
Si sites, respectively. They also studied the effect of dopant aggregation, 
which is likely to occur at high dopant concentrations under heavy ion im- 
plantation doses. They find that all the investigated N-dopant complexes 
lead to passivation (i.e., the shallow gap states transform into deep levels 
that cannot be ionized at room temperatures, and therefore do not lead to 
conducting charges in the material). In contrast, it was found that the most 
stable P aggregates are still active and are not self-passivated. These results 
explain recent observations of a higher efficiency for doping of P-implanted 
SiC at high doses, compared to the N-implanted material [55]. 
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Further work on SiC with SIESTA involved studies of vacancy diffusion 
[52] and aggregates of C interstitials [53]. 

2.2.3 

Extended Defects, Lattice Instabilities and Non-Stoichiometry 

Extended defects are very important in semiconductors for device applica- 
tions. In nitrides, the concentration of extended defects is usually larger 
than in other semiconductors, mainly because of the larger lattice mismatch 
with the substrates. The presence of stacking faults in GaN has been pointed 
as the origin of phenomena such as electronic confinement and spontaneous 
ordering of p-type dopants. Schmidt et al. [56] used SIESTA to study the in- 
teraction of stacking faults with Mg dopants in zinc-blende and wurtzite 
GaN. They found that, for both of the crystal structures, the presence of the 
stacking fault induce the localization of the impurity electronic level. They 
found that the most stable position of the substitutional Mg atom is at the 
stacking fault in the case of the zinc-blende structure, whereas for wurtzite 
it is far from the fault. Therefore, Mg substitutional impurities in GaN are 
expected to segregate at stacking faults in the zinc-blende structure, but not 
in the wurtzite case. 

Extended defects leading to crystal instabilities can also develop when 
semiconductor crystals are subject to strong pressures (either hydrostatic or 
anisotropic). Chacham and Kleinman [57] performed SIESTA simulations of 
the behavior of carbon in the diamond structure under high shear stress. 
They found that the lattice is unstable under shear stresses as low as 95 GPa, 
leading to graphite-like layered structures. These calculations provide a pos- 
sible explanation for recent experiments [58], in which vibrational signa- 
tures from graphitelike carbon were observed in a region of a diamond sam- 
ple subjected to indentation by a diamond tip. Conversely, Reich et al. [59] 
reported the possibility of obtaining diamond from carbon nanotube sam- 
ples under hydrostatic pressure, a prediction which was confirmed experi- 
mentally. 

Also, deviations from stoichiometry are often frequent in oxide semicon- 
ductors. In particular, large gap transition metal oxides can be grown with 
significant concentrations of oxygen vacancies. Canto and coworkers [60] 
studied the influence of oxygen vacancies on the electronic properties of 
Ti0 2 by means of both experiments and SIESTA calculations. They found 
that the presence of a significant concentration of oxygen vacancies induces 
the formation of a band of states below the conduction band, which leads to 
a decrease of the optical absorption edge. The implications of this for the 
application of this material for photodegradation of pollutants are very im- 
portant, because the reduced band gap allow the use of visible light instead 
of ultraviolet radiation, making the process much more economical. 
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2.3 

Amorphous Semiconductors 

Amorphous semiconductors are an important class of materials, which are 
especially difficult to model due to the lack of periodicity and the complexity 
of the structural details at the atomistic level. However, some degree of short 
or even medium range order usually exists in these systems, to a degree 
which depends on the specific material and sometimes on the growth pro- 
cess and previous history. In amorphous silicon, for instance, most of the Si 
atoms are fourfold coordinated with a first neighbors distance very close to 
the one of the crystalline diamond phase, and a relatively narrow distribu- 
tion in bonding angles. This permits building models which, respecting this 
short range order, are an approximation to the structure of the real material. 
These models are a basis for the calculation of physical properties like the 
electronic or vibrational structure. 

Fedders and coworkers [61-66] have used SIESTA, among other methods, 
to model different aspects of the structure, properties and dynamics of 
amorphous silicon (a-Si) and hydrogenated amorphous silicon (a-Si:H). 
They have analyzed the electronic localization of states associated with dan- 
gling bonds in a-Si, showing that good agreement with electron spin reso- 
nance experiments is obtained by means of the calculated spin density, but 
not the wavefunctions associated with the defects. This shows that the spin 
moment associated with dangling bond defects is not built from a single lo- 
calized one electron wavefunction, indicating that probably the quasiparticle 
wavefunctions are relatively different from the LDA one electron orbitals. 
Fedders [62] also studied the localization of the so-called tail states (states 
within the mobility band gap with exponentially decreasing density of states 
(DOS) towards the gap), finding that they are much more delocalized than 
previously thought. He also showed that valence band tail states are mostly 
associated with short bonds, whereas conduction tail states are due to 
stretched bonds. 

Hydrogen in a-Si:H is extremely important in passivating most of the de- 
fects states in a-Si, thus cleaning the gap. This allows the doping of the ma- 
terial, which can not be achieved in a-Si due to the large density of defects 
levels, thus opening the possibility for device applications. Fedders [64] has 
investigated the important problem of the atomistic structure and energetics 
of H within the amorphous silicon matrix. He also analyzed the implications 
of the calculated defect and diffusion energies for the complex problem of H 
diffusion in a-Si:H [63, 65, 66]. Although a definite conclusion of what the 
exact mechanism of hydrogen diffusion is was not reached, he challenged 
the conventional view of diffusion through Si-Si bond centers, and proposed 
a mechanism based on diffusion of molecular H 2 species. 

Other amorphous semiconductors have also been studied using SIESTA. 
In particular, Drabold and coworkers [67-69] have considered the interest- 
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ing problem of glassy chalcogenides. They used SIESTA to assess the quality 
of model networks obtained by more approximate DFT schemes [70]. In this 
kind of material they reached the general conclusion that, in order to pro- 
duce models which compare satisfactorily with the experimental informa- 
tion about the structure of the network by means of standard first principles 
methods, it is necessary to push the limit of accuracy in the basis sets and 
DFT functionals. Reasonable results were only obtained when using DZP ba- 
sis sets and a GGA functional for DFT. However, more approximate schemes 
[70] using approximate selfconsistency, small basis sets and LDA, are able to 
provide an excellent description. The reason for this is so far unknown, and 
further work in the group of Prof. Drabold is underway to understand this 
paradox [71]. 



3 

Ferroelectrics 

3.1 

Titanates 

The ferroelectric materials show a switchable macroscopic electric polariza- 
tion which effectively couples external electric fields with the elastic and 
structural properties of these compounds. These properties have been used 
in many technological applications, like actuators and transducers which 
transform electrical signals into mechanical work [72], or non-volatile ran- 
dom access memories [73]. From a more fundamental point of view, the 
study of the phase transitions and symmetry breakings in these materials 
are also very interesting, and their properties are extremely sensitive to 
changes in temperature, strain, composition, and defects concentration [74]. 

In recent years much of the interest on ferroelectrics has shifted to the 
study of the properties and growth of very thin layers of material on metallic 
and semiconductor [75] substrates. This change has been driven by the stea- 
dy search for faster, smaller, and more powerful microelectronic devices. 
This demands the miniaturization of the components while keeping their 
key properties. Therefore, monitoring the change of the material properties 
when moving from bulk samples to the ultrathin films required by the appli- 
cations becomes crucial. First principles calculations are instrumental in this 
context. However, very efficient computational tools have to be used to deal 
simultaneously with the large supercells required for thin films and inter- 
faces, and the demand of high accuracy needed to obtain reliable ferroelec- 
tric properties. 

Another field of intensive research is the insulating perovskite alloys with 
exceptional dielectric and piezoelectric properties [74], like the so-called 
relaxor ferroelectric alloys PZT (PbZr x Ti|_ x 0 3 ), PZN-PT (Pb(Zn 1 / 3 Nb 2 / 3 ) 03 - 
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PbTi0 3 ), and PMN-PT (Pb(Mg 1 / 3 Nb 2 / 3 ) 03 -PbTi 03 ). Again the role of first 
principles calculations in the study of these materials is seriously limited by 
the small sizes that can be accessed with most ab initio methods. In particu- 
lar, only highly ordered configurations of the alloys have been considered in 
most calculations performed to date [76]. The symmetries artificially im- 
posed by these unrealistically small cells can yield to a serious underestima- 
tion of the calculated piezoelectric constants of these materials. 

With these problems in mind, a series of modifications in the SIESTA 
code were undertaken by Sanchez-Portal et al. [77] in order to treat accu- 
rately perovskite titanates and other ferroelectric systems. The most impor- 
tant of them were: i) the inclusion of semicore shells and the corresponding 
use of several Kleinman-Bylander projectors, with different reference ener- 
gies, for each angular momentum [78], and ii) the implementation of the 
calculation of the macroscopic polarization using the so-called Berry-phase 
theory of polarization [79]. With this powerful tool it is possible to calculate 
the change of macroscopic polarization along a continuous transformation, 
obtaining the effective charges [79] and piezoelectric constants [80] of a giv- 
en material. Most of the previous implementations of the polarization calcu- 
lation using local basis, mainly in the context of Hartree-Fock calculation 
[81], were based on the use of Gaussian expansion. However, the approach 
followed in SIESTA [77] is more suitable for numerical orbitals. Test calcula- 
tions for the phonons, soft mode eigenvectors, energy and magnitude of the 
ferroelectric distortion, and Born effective charges of BaTi0 3 and PbTi0 3 
have been carried out [77, 82]. The results are in good agreement with 
plane-wave (PW) and augmented plane-wave (APW) calculations from the 
literature, showing that SIESTA is a reliable tool for the study of perovskite 
oxides. The agreement is particularly good in the case of the results for the 
barium compound presented in [82]. In that reference the basis set was opti- 
mized following the procedure of Junquera et al. [23]. The energies of the 
tetragonal and rhombohedral distortion are almost indistinguishable from 
the APW results, with the rhombohedral phase much more stable than the 
tetragonal, in good agreement with the experiment. Furthermore, the pho- 
non dispersion calculated with SIESTA is also in very good agreement with 
the PW results of [83], accurately reproducing all the unstable branches and 
the frequencies and characters of the different phonon bands along the 
whole Brillouin zone. The largest difference with PW calculations appears in 
the Born effective charges of Ti and the anomalous one of oxygen Oi (per- 
pendicular to the BaO plane), which are systematically too large (around 
6%). This seems to be related to the use of a local basis and was previously 
observed in a DFT study of KNb0 3 by Fu et al. [84], although in that case it 
was attributed to the use of basis sets optimized for Hartree-Fock calcula- 
tions. 

Once the capability of SIESTA for the study of ferroelectric oxides was 
demonstrated, more complex situations could be addressed. In particular, 
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and in the spirit of the miniaturization challenges mentioned above, one of 
the most important problems that the materials science community is facing 
nowadays is the search of an alternative material to replace silica (Si0 2 ) as 
the gate dielectric in Metal Oxide Semiconductor Field-Effect Transistors 
(MOSFETs). The continuous decreasing of the physical gate lengths, ap- 
proaching the nanoscale size, must be accompanied by a simultaneous re- 
duction of the gate dielectric thickness in order to preserve a high gate oxide 
capacitance. Unfortunately, as the size of the Si0 2 layer is reduced the leak- 
age currents will soon become a problem. In fact, leakage current from the 
channel to the gate is due to tunneling and increases exponentially with the 
decrease of both the thickness of the gate dielectric and the height of the 
electrostatic barrier for the electrons through the gate stack. Thus it seems 
that we are rapidly approaching the minimum size attainable with the pres- 
ent Si0 2 based technology and, in a few years, a new gate dielectric will be- 
come necessary. The desired properties for the new dielectric are well estab- 
lished. Some of them are: i) higher dielectric constant than silica, ii) large 
band gap and band offsets to prevent tunneling, iii) stability on the Si sub- 
strate, and iv) good quality interface, with low defect concentration and, 
therefore, small density of midgap interface states. Because of their high di- 
electric constants (one order of magnitude higher than the rest of the candi- 
dates), AB0 3 (with A=Ba or Sr) perovskite oxides are considered as promis- 
ing alternate materials. However, their eventual use is conditioned by the 
resolution of two major problems: (i) AB0 3 perovskites are thermodynami- 
cally unstable in direct contact with Si and (ii) the conduction band-offset at 
AB0 3 /Si interface is too small to avoid the appearance of high leakage cur- 
rents [85]. Recently, McKee et al. [75] have demonstrated the possibility of 
growing AB0 3 perovskites epitaxially on top of Si thanks to the inclusion of 
a AO buffer layer. With the help of the SIESTA code, Junquera et al. [86] re- 
ported structural and electronic properties (including band offsets) at the 
A0/ATi0 3 interface. They proved how the inclusion of the buffer layer not 
only solves the problem of the stability, but also helps to monitor the offsets 
in a efficient way, providing large electrostatic barriers for both holes and 
electrons, and avoiding the appearance of leakage currents. 

Junquera and Ghosez [87] recently addressed the problem of the critical 
thickness for ferroelectricity using SIESTA. Experiments have detected fer- 
roelectricity in perovskite films down to a thickness of 40 A [88], Recent cal- 
culations [89], using both effective Hamiltonians and first principles meth- 
ods, also showed that the ferroelectric ground state was retained even for ul- 
trathin films under the condition of vanishing internal electric field, sug- 
gesting the absence of a critical size limit. In contradiction to these results, 
[87] shows that a BaTi0 3 film between two metallic electrodes in short cir- 
cuit can loose its ferroelectric properties below a thickness of about six unit 
cells (~24 A). Junquera and Ghosez considered a realistic ferroelectric ca- 
pacitor composed by an ultrathin BaTi0 3 layer between two metallic SrRu0 3 
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Fig. 1 a Schematic view of the ferroelectric capacitor considered in [87]. The epitaxy on 
SrTi0 3 is effectively taken into account by choosing the appropriate lattice parameter in 
the direction parallel to the interfaces, b Evolution of the energy as a function of the soft- 
mode £ for different thickness of the ferroelectric film m. Symbols stand for the first 
principles results and lines present the results of a simplified electrostatic model. Repro- 
duced with permission from [87] 



electrodes. This structure was assumed to be grown on a SrTi0 3 substrate, 
and this was effectively included in the calculations by constraining the in- 
plane lattice constant of the whole structure to the bulk value of SrTi0 3 . The 
height of the periodic supercell was chosen to minimize the strain under this 
constrain. The basic unit is schematically shown in Fig. la and corresponds 
to the generic formula [Sr0-(Ru0 2 -Sr0) n /Ti02-(Ba0-Ti0 2 ) m ], where n was 
fixed on 5 (enough to avoid interactions between both interfaces) and m 
ranged from 2 to 10. Figure lb depicts the evolution of the total energy as a 
function of the magnitude of the ferroelectric distortion £ (along the bulk 
soft mode) relative to that of bulk BaTi0 3 . Clearly, for films thinner than ~6 
unit cells the ferroelectric distortion becomes unfavorable. This was also 
checked for m=2 performing full atomic relaxations starting from distorted 
geometries: the paraelectric structure was always recovered. In fact these are 
quite robust observations and can be explained solely on the basis of simple 
electrostatics. The polarization of the ferroelectric film leads to surface 
charges, a=P.n, which would be screened by the neighboring metal layers. 
This screening charge extends into the metal over a typical distance of the 
screening length and, therefore, two dipoles pointing in the same direction 
are formed at both sides of the film. Each of these dipoles is responsible for 
a lineup of the electrostatic potential in the same direction; thus the only 
way to preserve short-circuit boundary conditions is the appearance of a de- 
polarization electric field c: d . Since the interface dipoles are roughly indepen- 
dent of the thickness of the ferroelectric film, c d will be larger the thinner 
the film. The electrostatic origin of the suppression of the ferroelectricity 
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can be clearly seen in Fig. lb, where the lines present the results of a simpli- 
fied model of the energy E=U-P.e<j, where U is the internal energy under 
zero field for bulk and the macroscopic polarization P is also obtained from 
bulk parameters. The agreement between the model and the first principles 
results is excellent. 

SIESTA has also been used to study the flat and stepped (001) surface of 
SrTi0 3 by Zhang and Demkov [90], The authors first calculated the electron- 
ic and structural properties of bulk SrTi0 3 , SrO, and Ti0 2 , which turned out 
to be in quite good agreement with previous calculations. The results for the 
flat surfaces are in good agreement with previous PW calculations [91], al- 
though the estimated average surface energy is somewhat higher for SIESTA 
(-16%). For the flat surface the SrO termination is the most stable under 
most chemical environments; for the stepped surface an oxygen terminated 
step edge is preferred under extremely oxygen-rich conditions and an Sr- or 
TiO-terminated step edge under oxygen-deficient conditions. However, un- 
der the majority of the chemical environments, including typical growth 
conditions, the termination is mixed and it is the stoichiometry that drives 
terrace termination. 

3.2 

H-Bonded Ferroelectrics: KDP 

Potassium dihydrogen phosphate (KH 2 P0 4 , or KDP) is the prototype of the 
hydrogen-bonded ferroelectrics and has important applications as a nonlin- 
ear optical material [74]. The ferroelectricity in KDP is believed to be con- 
nected to proton off-center ordering in the bonds, although the exact nature 
of the transition still remains quite controversial, particularly the origin of 
the huge isotope effect (T c increases about 107 K upon deuteration). Koval 
et al. [92] performed the first ab initio DFT calculation of this compound 
using SIESTA. The authors made a complete characterization of the struc- 
tural and electronic changes accompanying the ferroelectric transition. The 
predicted structures of the tetragonal (paraelectric) and orthorhombic (fer- 
roelectric) phases are in good agreement with the experimental data. In 
the tetragonal structure the H atoms are constrained to the center of the 
O-H-O. When this structure is slightly perturbed, two H atoms approach 
each P0 4 tetrahedron. This collective off-centering of the hydrogen atoms 
is accompanied by a charge redistribution. A depletion and delocalization 
of charge is observed in the vicinity of the oxygen atoms approached by the 
hydrogen, while there is an accumulation and localization of charge around 
the other oxygen atoms. This charge accumulation attracts the K + towards 
the P0 4 , being ultimately responsible for the ferroelectric distortion. This 
connection between hydrogen off-centering and ferroelectricity is further 
supported by the fact that centered positions for K are always stable when 
hydrogen remains in the middle of the H bond. In [93] these authors ex- 
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tended their study to address quantum effects. They first estimated the fer- 
roelectric correlation length using calculations of small KDP clusters of in- 
creasing size, embedded in a paraelectric KDP matrix. For KDP, ferroelec- 
tricity requires the correlated motion of all the atoms in clusters compris- 
ing at least ten hydrogen atoms. When the volume is increased to match 
that of deuterated KDP (DKDP), ferroelectric-like instabilities appear even 
when only one P0 4 cage (and the surrounding hydrogen atoms) is consid- 
ered. This seems to point to a “geometric” origin of the isotope effect. In 
fact, since the ferroelectric mode comprises a considerable motion of heavy 
atoms in addition to hydrogen, at fixed lattice geometry the effect of deuter- 
ation in tunnel splittings is very small. However, the larger mass of deuteri- 
um triggers another phenomenon. Compared to the case of hydrogen, the 
probability of finding a deuterium atom in a centered position is smaller, 
with the corresponding weakening of the O-H-O bonds and subsequent ex- 
pansion of the DKDP lattice. Koval et al. gathered all these elements in a 
simple non-linear model which successfully explains the experimental ob- 
servation of a huge isotope effect [93]. 



4 

Metallic and Magnetic Systems 



4.1 

Zintl Phases 

The series of ideas originating from Zintl [94] and later modified and devel- 
oped by others [95-98] is certainly one of the more widely used and success- 
ful conceptual schemes in solid state chemistry. These ideas lead to a ratio- 
nalization in simple terms (i.e., the octet or Wade rules, for instance) of the 
relationship between the structure and number of electrons for many solids 
usually known as Zintl phases. Essentially, these ideas associate chemical 
stability with structural building blocks (clusters, networks, etc.) having an 
electronically closed shell configuration. A commonly accepted corollary is 
that these phases must be diamagnetic semiconductors or insulators. Even if 
this aspect has not been systematically scrutinized the conclusion seems to 
be essentially correct. With this situation in mind, an important recent de- 
velopment has been the preparation of several metallic and magnetic com- 
pounds of this type. Interesting problems concerning the bonding descrip- 
tion and the rationalization of the transport properties immediately emerge 
and some of these materials have been recently studied on the basis of the 
SIESTA approach. 

One of the simplest cases is that of the A 5 Pn 4 (A=K, Rb, Cs; Pn=As, Sb, 
Bi) compounds [99]. They exhibit metallic behavior (the bismuthides even 
become superconducting at low temperatures) and contain tetrameric Pn 4 
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Fig. 2 Crystal structure of K 5 Bi 4 where the full and empty circles refer to the K and Bi 
atoms, respectively. Reproduced with permission from [100] 



units separated by the alkali atoms (see Fig. 2). As Gascoin and Sevov have 
discussed [99], a description of the tetrameric units as Pn 4 4- or Pn 4 5- are in 
principle equally likely. They have argued that the two descriptions should 
lead to different physical behaviors: temperature-dependent paramagnetism 
due to the spins localized in the tetrameric units in the second case but tem- 
perature-independent Pauli paramagnetism and metallic behavior in the 
first. Since all phases exhibit Pauli paramagnetism and metallic behavior 
they concluded that the first alternative was the appropriate one. 

The calculated band structure and DOS for K 5 Bi 4 [100] are reported in 
Fig. 3a, b, respectively. As shown in Fig. 3a, the Fermi level cuts two bands 
along the T — > Y direction and one band along the T — >Z direction. Since the 
first two bands exhibit a considerable dispersion (more that 1 eV) the sys- 
tem should be metallic, as reported by Gascoin and Sevov [99]. The DOS di- 
agram of Fig. 3b shows that, as could be expected, the Bi contribution domi- 
nates in the filled energy bands. However, the important result of this figure 
is that the K contribution is quite large. In fact, it is almost always around 
one-quarter that of the Bi atoms, this ratio being quite normal for het- 
eroatomic bonding between atoms with such electronegativity difference. 
Thus, there is a very considerable mixing between the Bi and K orbitals so 
that the covalent contribution to the bonding in this phase must be quite im- 
portant. 

Careful analysis of the band orbitals showed [100] that four pairs of 
bands have as the major components the four well known 7r-type levels {n 1 
to ;r 4 ) of the zigzag tetrameric units (see Fig. 3a). These bands acquire dis- 
persion mostly through the bonding mixing of the higher lying s and p or- 
bitals of potassium (the shortest Bi- • Bi contact along b is 5.54 A so that they 
have a practically nil influence on such dispersion). It is clear that the 
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Fig. 3 a Band structure, b DOS calculated for K 5 Bi 4 . In a r=(0, 0, 0), X=(l/2, 0, 0), Y=(0, 
1/2, 0) and Z=(0, 0, 1/2) in units of the monoclinic reciprocal lattice vectors. Reproduced 
with permission from [100] 
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7r 4 -based bands are approximately half-filled and the n x -, n 2 - and ;r 3 -based 
ones are full, as it would correspond for a formal charge of 5- for the tetra- 
meric units. Many of the bands in Fig. 3a show quite large dispersion along 
the three directions of reciprocal lattice, a consequence of the strong partici- 
pation of the K orbitals in these filled bands (only along c is there a short 
Bi- ■ Bi contact of 4.388 A, all other contacts are longer than 5.5 A). Thus, al- 
though every one of the pairs of bands in Fig. 3a (the bands occur in pairs 
because there are two formula units per repeat unit of the solid) can be 
clearly traced back to one of the levels of a tetrameric Bi 4 5_ unit, it would be 
impossible to understand the details of the electronic structure without real- 
izing that the K atoms are far from just providing electrons to satisfy the 
electronic requirements of the more electronegative Bi atoms and a mostly 
Coulombic-type force keeping together the K 5 Bi 4 network. They are indeed 
part of a 3D network with a large covalent bonding component. The fact that 
a detailed analysis of the band structure validates both this conclusion and 
the formal description of the tetrameric pnictide units as Pn 4 5- (i.e., formal- 
ly assuming that the potassium atoms fully transfer the valence electron) il- 
lustrates the essential bonding ambiguity, with strong consequences for the 
transport properties, of these and similar systems. 

Ca 14 MnBin and Ba 14 MnBi n are two interesting metallic Zintl phases 
showing unusual magnetic behavior [101, 102]. These solids belong to a 
family of compounds, A 14 MPn u , with a crystal structure built from MPn 4 
tetrahedra, Pn 3 linear units, isolated Pn atoms, and interstitial alkaline earth 
A atoms. For Ca 14 GaBi u [103] a bonding description based on a formal elec- 
tron transfer of two electrons per alkaline earth atom (14A 2+ ), four isolated 
Pn 3 ~ atoms, one Pn 3 7- linear unit, and one GaPn 4 9 ~ tetrahedra is consistent 
with the semiconducting behavior of the system as well as with the details of 
the crystal structure. For the Mn phases an interesting problem arises. If the 
Mn atoms are formally trivalent, the bonding scheme is identical but then 
the metallic behavior is surprising. If the Mn atoms are divalent, the tetrahe- 
dral-based levels are one electron short so that if these levels can delocalize 
a metallic behavior can be expected. This is in agreement with the transport 
measurements but then the charge neutrality is apparently violated. 

The unit cell of these phases is quite large (104 atoms) but a study of the 
electronic structure using the SIESTA approach has been reported [104]. A 
detailed analysis of the DOS, projected densities of states (PDOS) into atom- 
ic and orbital contributions and deformation density plots clearly validated 
the description of these phases in terms of interstitial A 2+ cations, isolated 
Bi 3- atoms and Bi 3 7 ~ linear units. These calculations also showed that there 
is a hole in the bonding bands which are based on levels of the MnBi 4 tetra- 
hedra and exhibit a sizeable dispersion. The Mn atoms were found to be di- 
valent and the magnetic moment quite independent of the magnetic order in 
the solid. Essentially the presence of the hole in the bonding levels of the 
tetrahedra partially compensate for the high-spin d 5 Mn moment leaving a 
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net spin of approximately 4p B . Of course, this moment although mostly lo- 
calized in the Mn atoms is spread out to the Bi atoms of the tetrahedra so 
that it should be associated to the MnBi 4 tetrahedra. This analysis is in nice 
agreement with the experimental finding of the simultaneous existence of lo- 
calized magnetic moments and metallic behavior. At the same time the 
charge balance among the different structural species suggested by the Zintl 
approach (i.e., A 2+ , Bi 3- , Bi 3 7 ~ and MnBi 4 9_ ) seems to be perfectly valid. 
However, the simultaneous presence of high-spin divalent Mn atoms and a 
hole in the bonding levels of the tetrahedra must be recognized in order to 
understand the physical properties of these phases. 

The origin of the different magnetic behavior of the two phases 
(Ca 14 MnBi n is ferromagnetic with a Curie temperature of T c =55 K whereas 
Ba 14 MnBi n is antiferromagnetic (AF) with a Neel temperature of T N =15 K) 
was also investigated [104]. The magnetic units of the crystal structure (i.e., 
the MnBi 4 tetrahedra) are part of two different but interpenetrating three-di- 
mensional networks. It was found that a ferromagnetic coupling occurs 
within each network but weaker inter-networks couplings with sign and 
magnitude quite sensitive to the details of the crystal structure also occur 
and influence the final magnetic order. Ca 14 MnBi u was calculated to be fer- 
romagnetic in agreement with experimental results while for Ba 14 MnBi u the 
ferromagnetic and AF states were found to be practically degenerate. These 
phases share several features of their electronic structure with that of diluted 
magnetic semiconductors like Ga!_ x Mn x As. Thus, it is quite likely that the 
mechanism which provides for strong ferromagnetic interactions between 
Mn atoms of the same network in these phases is, in fact, the same that leads 
to ferromagnetism in the diluted magnetic semiconductors. 

4.2 

Diluted Ferromagnetic Semiconductors: (Ga,Mn)As 

The discovery, during the last decade, of ferromagnetic order with relatively 
high Curie temperatures in heavily Mn-doped GaAs and InAs [105] has at- 
tracted much attention to these materials. It opens the way for many semi- 
conductor spin devices, like new storage media and, more interestingly, an 
efficient spin injection into semiconductors. The latter is a necessary step 
towards the possibility of quantum computation using the spin degree of 
freedom in solid-state devices. From a more fundamental point of view, al- 
though there is a general agreement about the carrier (hole-) mediated ori- 
gin of the ferromagnetism in these materials, the detailed mechanism is still 
a matter of debate. Sanvito and collaborators have studied several properties 
of (Ga,Mn)As using SIESTA. We describe some of their results in the follow- 
ing. 
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4.2.1 

Role of Intrinsic Defects 

Low temperature molecular beam epitaxy is used to grow samples with high 
Mn concentration, avoiding the formation of MnAs clusters. Unfortunately, 
low temperature growth leads to the incorporation of an As excess as large a 
1.5%. This excess is stored in the form of As antisites (As Ga ), Ga vacancies 
(V Ga ), As interstitials (As ; ), or their combinations, with As Ga being believed 
to be the most abundant of them. As a consequence, the hole concentration 
p is considerably reduced compared to the Mn concentration, with the sub- 
sequent decrease of the Curie temperature T c which is supposed to be pro- 
portional to p [106]. In [107-110] Sanvito et al. studied the role of these de- 
fects in the electronic and magnetic properties of (Ga,Mn)As. As a general 
trend, their first principles calculations show that As excess weakens the 
magnetic coupling between Mn ions. However, the details depend on 
the kind of defect and its relative position respect to the Mn ions. Since the 
Mn-induced spin splitting of the impurity bands is usually quite small, their 
energetic position relative to the top of the valence band of GaAs is very im- 
portant in order to understand the effect of defects. For example, As Ga ex- 
hibits an occupied level in the middle of the gap. These electrons will occupy 
the holes left in the valence band by Mn doping, leading to compensation 
and to the weakening of ferromagnetism. As g> defects can be transformed 
into a metastable As r V Ga pair upon illumination. This was already known 
for GaAs [111], and demonstrated for (Ga,Mn)As in [107]. Interestingly, for 
Asi-V Ga the occupied impurity band lies much closer to the top of the va- 
lence band. As a result, the sample is left uncompensated as in the defect- 
free case and the ferromagnetic coupling is left almost unchanged. Accord- 
ing to Sanvito and Hill, this could provide a route to increase T c , although 
not for technological applications since the recombination of the As ; -V Ga 
into As Ga takes place at -140 K. It is also worth mentioning the case of the 
isolated V Ga . In this case, although hole concentration is increased, the ferro- 
magnetic coupling is also reduced. This defect introduces holes both in the 
minority and majority band and, therefore, produces compensation of the 
spin up and down carrier density in the sample. When Mn ions are close to 
each other, things get even more complicated since AF double exchange in- 
teractions start to play a role. In this case Mn ions with a common As Ga 
neighbor can align both ferromagnetic or antiferromagnetically, depending 
on the detailed structure and As antisite concentration [109]. 

4.2.2 

Transport in Digital Ferromagnetic Structures 

Large concentration of Mn can be obtained in the so-called digital ferromag- 
netic heterostructures (DFH), composed by zinc blende MnAs submonolay- 
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ers embedded in GaAs to form MnAs/GaAs superlattices [112]. The elec- 
tronic structure of several DFHs have been studied using SIESTA by Sanvito 
[113], and Sanvito and Hill [114]. The self-consistent Hamiltonian and over- 
lap matrices are then used to obtain the ballistic transport of the system us- 
ing the Landauer-Buttiker formula and a Green’s function technique [114]. 
The main conclusions of this work are: i) in the absence of intrinsic donors 
these systems have a half metallic band structure, with an exchange interac- 
tion much stronger than that of the random alloy with the same Mn concen- 
tration; ii) transport calculations show that the carriers at the Fermi energy 
are strongly confined within a few monolayers around the MnAs; and iii) 
the transport in the direction perpendicular to the MnAs planes is due to 
tunneling. Therefore DFHs can be pictured as a two-dimensional half metal 
in the MnAs plane, with tunneling-like conductance between MnAs planes. 

4.3 

Clusters, Surfaces, and Interfaces 
4.3.1 

Fe Systems 

The use of low dimensional magnetic systems is one of the possible routes 
to design new magnetic storage devices with higher storage densities and 
miniaturization [115]. Besides this technological interest, and partially driv- 
en by it, the study of the change of the material properties with the reduc- 
tion of the size and dimensionality of the samples has generated a vivid in- 
terest during the last decades. Magnetism could not be an exception in this 
trend, especially since the discovery that the magnetic moment of a material 
could be enhanced by diminishing the atomic coordination [116]. For exam- 
ple, certain paramagnetic materials like Rh or V seem to develop consider- 
able magnetic moments in small aggregates. Also surfaces and clusters of 
ferromagnets are known to exhibit larger moments per atom than in bulk. 

Izquierdo et al. [117] analyzed these trends for several iron systems using 
SIESTA calculations. They studied several pure iron systems: dimer, bulk 
bcc, (100) surface and free-standing (lOO)-like monolayer. They also consid- 
ered a monolayer and several Fe clusters supported on Ag(100) of different 
dimensionalities: adatom, monatomic wire, rectangular patches containing 
four and nine atoms, and a small pyramid of thirteen atoms. Whenever it 
was possible, the comparison with previous calculations was very satisfacto- 
ry, therefore validating SIESTA as an accurate tool for the study of complex 
magnetic structures. Of special interest in this regard is the observation that 
already a quite modest single-zeta polarized basis [118] provided a very rea- 
sonable description of all considered situations, with the obvious advantages 
of computational efficiency and possibilities to scale-up the size of the stud- 
ied systems. The agreement with available experimental data is also good. 
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The results of Izquierdo et al. can be summarized saying that in all the cal- 
culated configurations the magnetic moments of the Fe atoms obey the co- 
ordination rule, i.e., the lower the coordination the larger the magnetic mo- 
ment. This is not restricted to coordination with other iron atoms, it also 
holds for neighboring silver atoms. For example, going from the free-stand- 
ing to the Ag(100) supported Fe monolayer reduces the atomic magnetic 
moment by -0.30 /t B in perfect agreement with previous all-electron calcula- 
tions [119]. Another interesting observation is that SIESTA calculations tend 
to give somewhat larger magnetic moments as compared with all-electron 
results. In fact, the magnetic moments are usually in very good agreement 
with PW pseudopotential calculations. The origin of this small discrepancy 
seems then to be related to the use of pseudopotentials and not to the basis 
set utilized. As we will see below the differences between all-electron and 
pseudopotential results can be more dramatic for other systems, like the 
V(100) surface. The message here seems to be that special care has to be tak- 
en with the construction and testing of pseudopotentials in the case of mag- 
netic systems [120]. 

One of the key advantages of SIESTA with respect to other popular meth- 
ods to study large magnetic systems (like the KKR method) is that structural 
relaxations and calculations for distorted structures can be straightforward- 
ly performed. This ability has been extensively used by Dieguez and collabo- 
rators [121] in their study of the structural and magnetic properties for Fe n 
aggregates with n ranging from 2 to 17. This was the first ab initio study for 
Fe clusters containing more than seven atoms. A quite complete exploration 
of the energy landscape was performed by relaxing more than 200 initial 
configurations, and identifying the most stable isomers for each size. The 
authors used a quite complete triple-zeta with double-zeta polarization basis 
set, and local spin density approximation. In general, for n<7 the results are 
in quite good agreement with previous first principles calculations. For n= 8, 
9, and 10, the ground-state geometries are, respectively, a bispheroid, a tri- 
capped trigonal prism, and a bicapped square antiprism. However, not far in 
energy (second most stable) we can find isomers which follow an icosahe- 
dral growth pattern. In fact, the ground-state structures of «=11, 12, and 13, 
also follow an icosahedral packing. However, for n>13 nonicosahedral sym- 
metries are instead predicted to be more stable. These structural changes 
(from n= 13 to 14, the structural pattern also changes between n=14 and 15) 
are in very good agreement with the predictions by Parks et al. [122] on the 
basis of the observed large reactivity variations. Interestingly, the «=13 to 14 
change is accompanied by an important change in the average atomic mag- 
netic moment. The structures, binding energies, magnetic moments and 
nearest-neighbors distances of the low energy isomers of clusters with 
14<n<17 can be found in Fig. 4. In good agreement with the time-of-fly 
mass spectroscopy measurements [123], Dieguez et al. calculations [121] 
predict the Fe 13 and Fe 15 clusters to correspond to magic numbers. 
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Fig. 4 Some isomers found in [121] for Fe n (14>n>17) with their binding energies, total 
magnetic moments, and nearest neighbors distances. Isomer n.m is the m-th least ener- 
getic isomer with n atoms. Reproduced with permission from [121] 



Postnikov et al. [124] performed a study of the relaxed structures and 
magnetic properties of larger clusters, up to Fe 62 . In most cases only icosa- 
hedral, fee- and bcc-derived structures were considered. For most of these 
aggregates this has been the first study including structural optimization. 
Some conclusions, roughly independent of the morphology, magnetic order- 
ing and size, seem to emerge from this work: i) the structural relaxation is 
mostly confined within the 2-3 outer shells, ii) there is a strong inward re- 
laxation of the surface layer, and iii) the magnetic moments on the surface 
are enhanced beyond 3 /^ B - A benchmark study of non-collinear magnetism 
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in Fe 3 and Fe 5 with SIESTA is included in [124], the results being in good 
agreement with previous calculations [125], 

4.3.2 

V(001) Surface 

Vanadium is one of those paramagnetic metals that can exhibit magnetism 
under certain conditions due to its large magnetic susceptibility. In particu- 
lar, there has been some controversy about the V(001) surface, where indica- 
tions of possible ferromagnetism were observed [126]. Theoretical results 
are also inconclusive for this system. Calculations performed at the LSDA 
level [127] found no indication of appreciable surface induced magnetic mo- 
ments. However, recent studies using GGA presented contradictory results. 
The all-electron results of Bihlmayer et al. only found small surface magnetic 
moments for very thin films [128]. However, the PWs calculations of Bryck 
et al. using ultrasoft pseudopotentials predicted a large magnetic moment of 
1.70 ,u B [129], To try to settle this question Robles and collaborators [130] 
performed a comparative study of the magnetism in the V(001) surface us- 
ing the SIESTA method and an all-electron tight-binding linear muffin-tin 
orbital atomic-sphere approximation (AE-LMTO) method [131]. They used 
slabs containing 7 and 15 layers and both LSDA and GGA for the exchange- 
correlation potential. For bulk bcc a paramagnetic ground state is found ir- 
respective of the calculation method and the exchange-correlation approxi- 
mation used. This result is in agreement with the experiment and persists 
for expansions of the lattice parameter up to -10%. In contrast, the results 
for the surface magnetization of V(001) are quite different for LSDA and 
GGA calculations. Similarly to previous calculations [127], no surface mag- 
netization is found with both methods when using LSDA. However, GGA cal- 
culations exhibit appreciable surface moments, at least for the thinner slab: 
0.66-0.25 /J.R in the case of AE-LMTO depending on the functional utilized 
and 1.77 p B for SIESTA. This is a clear indication of the well known tenden- 
cy of the GGA to produce larger magnetic moments than LSDA. It also 
seems to indicate that pseudopotentials tend to enhance even more the sur- 
face moment. This becomes more evident by increasing the size of the slab. 
For the 15 layers slab case, all-electron results predict zero surface magnetic 
moment, while the pseudopotential ones (SIESTA) still predict a large mag- 
netic moment of 1.70 p B in very good agreement with the previous PW re- 
sults [129]. This points out the failure of the pseudopotential approximation 
to describe the magnetic properties of this surface as compared to all-elec- 
tron methods, and has been confirmed with other subsequent comparative 
studies [132, 133]. According to Kresse et al. [132], for a good description it 
is not sufficient to use just non-linear core corrections — it is also essential 
to describe accurately the shape of the d wave functions in the region where 
the magnetization density reaches its maximum. Unfortunately, for most 
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generation schemes this leads to very hard pseudopontentials which are not 
useful in practice. 

4.3.3 

Fe/c-SiFe/Fe Sandwiches and Multilayers 

Magnetic multilayer devices (MMD) can be roughly classified according to 
the nature of the spacer materials, which leads to very different behavior of 
the exchange constant between the magnetic layers J, as a function of the 
spacer thickness z. For metallic spacers the sign of J oscillates and its magni- 
tude decays as 1/z 2 . For semiconducting spacers, however, J decays exponen- 
tially and is AF in most cases. Devices in which the spacer is a semimetallic 
material represent an intermediate case. The coupling is always AF, but the 
decay is very slow, becoming negligible at spacer thicknesses more typical of 
the metallic structures. One example of this behavior are the (Fe/c-FeSi) 
MMDs. The spacer here consists in iron silicide in the CsCl structure 
(c-FeSi), and can be easily formed by interdiffusion of Fe and Si slabs of ap- 
propriate thicknesses grown epitaxially. Pruneda et al. [134, 135] have recent- 
ly performed an ab initio study of the magnetic and electronic properties of 
these structures. They considered both free standing trilayers and multilayers 
with the sequence Fe 7 /c-Fe( n _ 1 )Si n /Fe 7 with «=l-6. For fixed geometries, ob- 
tained from the experimental data, the authors compared the results obtained 
with a scalar relativistic all-electron AE-LMTO [131] method and those given 
by SIESTA. They also performed several structural relaxations with SIESTA, 
which were beyond the capabilities of the AE-LMTO method utilized. The 
structures however are quite stable and only slightly modified upon relax- 
ation. These structural studies show that the most stable configurations are 
always those with the spacer layer formed by a regular c-FeSi structure. This 
is in agreement with the experimental observation, and supports the idea that 
these structures can be formed by interdiffusion of a thin Si film into the Fe 
slabs. The exchange constants obtained with SIESTA and with the AE-LMTO 
are similar within a 10%. They are always AF when the spacer is formed by 
c-FeSi, with a value of a few mili-rydbergs which decreases in a non-mono- 
tonic fashion, with a clear bump for «= 3, and becoming negligible for n«5- 
6. This behavior is almost identical for trilayers and multilayers. The authors 
have also considered the effects of pinholes, interface roughness and struc- 
tural misconfiguration on J. The general conclusion is that structural defects 
and misconfigurations give rise to strong ferromagnetic couplings. Finally 
Pruneda et al. [134, 135] considered the limit of very thick spacers using the 
phenomenological theory developed by Bruno [136] in conjunction with the 
appropriate effective masses and band edges to provide a realistic description 
of the electronic structure of c-FeSi. With this model the authors are able to 
reproduce the experimental decay length of 3.6 A, and identify the electronic 
bands responsible of this unusually slow decay. 
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4.3.4 

Cobalt Valence Tautomers 

Transition metal complexes with redox active ligands have been extensively 
studied in recent years. Some of these compounds are interesting candidates 
for mechanical and magnetic switching devices activated by temperature, 
pressure, or irradiation. In a recent paper, LaBute and collaborators [137] 
have studied the electronic and structural properties of cobalt based valence 
tautomers of generic form Co(SQ) 2 i p , where SQ represents a semiquinone 
ligand complex with formal charge -1 and spin 1/2, and L p represents a neu- 
tral redox counterligand. When cooled in frozen organic solvents, or in mo- 
lecular solid form, these molecules undergo a transition, in a narrow tem- 
perature regime, from a high spin, high volume form, to a low spin, low vol- 
ume form. It has been traditionally assumed that, accompanying this transi- 
tion, there is a charge transfer from Co to the SQ ligand, with an enhanced 
ligand field splitting arising from the bond contraction favoring the low spin 
Co(III). Although consistent with many experimental observations, this im- 
age was not fully supported by previous electronic structure calculations 
[138] and, thus, LaBute et al. [137] decided to apply SIESTA to address this 
problem. 

In agreement with the observation, the electronic structure calculation 
lead to a high spin (—3/2) Co for the high temperature geometry, while a low 
spin (~0) Co is found for the low temperature structure. Furthermore, the 
low spin state cannot be stabilized for the high temperature configuration 
and vice versa. The authors assign this effect to the increase of the 3d-2p hy- 
bridization upon contraction, which disfavors the Hund’s rule alignment of 
the spins. The energy difference between the two configurations is 1.3 eV for 
the experimental geometries, which is reduced to 0.6 eV after structural op- 
timization. The distance between Co and the ligands change very little how- 
ever, and the distinct spin states are stable during this process. Even after 
relaxation, this energy difference is too large compared to the experimental 
transition temperature. In their work, LaBute et al. argue that the high tem- 
perature phase of the valence tautomers is mixed valent, in the sense that 
the ground state is a quantum superposition of states with predominantly 
two well defined valences for Co. This could be at the origin of the incorrect 
energetics, since in order to accurately describe this state it is necessary to 
go beyond DFT. The authors then turn to an empirical Anderson impurity 
model Hamiltonian for the molecule in which local electron correlation ef- 
fects are taken into account on the Co site but neglected on the metallic car- 
bon rings. With this simplified model they are able to properly describe the 
energetics of the systems along with some unexplained feature of the X-ray 
absorption spectra. The DFT calculations pointed out another puzzle: the 
transition to the low spin states is accompanied by an increase of the Mul- 
liken population of the d orbitals of Co, contrary to the expectation. A de- 
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tailed analysis of the projected DOS is necessary to solve this problem. As 
expected, it can safely be considered that one e g electron of the metal gets 
transferred to the ligand SQ level. However, in the low-spin configuration 
there is a significant covalency between the metal-e g and ligand-a orbitals, 
so that the Co e g states are significantly repopulated through their hybridiza- 
tion with the ligand states. 



5 

Clathrates, Zeolites, and Minerals 

The SIESTA approach is especially designed to handle large systems so that 
it is not surprising that it has been quite extensively used in order to study 
minerals, clathrates, and zeolites. Quite often a key aspect in studying pro- 
cesses in these systems is the determination of the distribution of cationic 
species in the large cavities they exhibit. To handle this question extensive 
computations with methods giving reliable energy differences are needed. 
The SIESTA approach seems to fulfill both the precision and efficiency re- 
quirements in order to be a useful tool in this area. Here we discuss some 
recent applications of the SIESTA approach to this kind of materials. 



5.1 

Clathrates 

Clathrates are materials with interesting physical properties and a large po- 
tential for technological applications. Thus, there is a need for theoretical 
studies which can lead to useful guidelines in the process of optimizing their 
physical properties. For instance, group IV X 46 clathrates (X=Si, Ge) are 
cage-like materials containing X 2 o, X 24 , and X 28 clusters. Doped clathrates of 
this type have been the object of several theoretical studies using the SIESTA 
approach. A recent example is a study of hypothetical C 46 clathrates and 
their potential use as low work function metallic systems [139]. The bare 
and hydrogenated (100) surfaces of the undoped and Li-doped systems were 
studied. In that way it was possible to suggest that under doping these mate- 
rials are true metals with a low work function (i.e., significantly lower than 
those of alkali metals) and with a stability typical of diamond-like systems, 
a result opening new perspectives for the making of efficient electron emit- 
ters. A related study dealing with the tailoring of the band gap and hardness 
of iodine doped Si 46 clathrates has also been reported [140]. A careful study 
of the structural and electronic properties of I 8 @Si 46 showed that, in contrast 
with the situation in other doped clathrates, there is a strong hybridization 
between the iodine and silicon network orbitals. This fact is responsible for 
a large opening of the band gap. Similar results were obtained for Xe 8 @Si 46 , 
giving additional evidence for the irrelevance of ionic effects behind such 
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band opening. A quasi-particle calculation within the GW approximation for 
the last system led to a band gap of approximately 2.25 eV showing that the 
material is a silicon-based “green light” semiconductor. This suggests that 
doped clathrates may be useful materials in making silicon-based optoelec- 
tronic devices. 

The discovery of superconductivity in Na x Ba 8 _ x @Si 46 and related com- 
pounds triggered a large activity on their transport properties. Interestingly, 
whereas Na x Ba 8 _ x @Si 46 and Ba 8 @Si 46 are superconductors, Na 8 @Si 46 is not. 
A combined experimental (inelastic neutron-scattering and extended X-ray 
absorption spectroscopy, EXAFS)-theoretical (SIESTA approach) study has 
been reported [141] in an attempt to provide some insight into the mecha- 
nism of superconductivity. Both the analysis of the calculated phonon DOS 
and the vibrational motion determined by inelastic neutron-scattering sug- 
gested that the coupling between the guest atom and the host through host 
acoustic modes was essential in governing the possible superconductivity of 
these materials. In fact, the combined theoretical-experimental approach 
clearly showed that Ba was considerably more strongly bound to the silicon 
cages than Na or K. A detailed analysis showed that the main parameters to 
be correlated with the superconductivity occurrence were the host-guest vi- 
brational coupling inside the Si 24 cages of the structure as well as the DOS at 
the Fermi level. It was also shown that a large ionic radius for the donor 
atoms in the Si 24 cages of the clathrate is needed for the enhancement of the 
critical temperature. However this requirement is not needed for the donors 
in the Si 20 cages because the coupling is already strong in that case. 

5.2 

Minerals and Zeolites 

Structural studies of minerals are important both from mineralogical and 
commercial viewpoints. Some widely used commercial materials are difficult 
to structurally characterize fully from a purely experimental approach so 
that computational approaches can be extremely useful. Often quite large 
unit cells must be used in these studies so that empirical approaches have 
been extensively employed. However empirical models have well known lim- 
itations which can only be overcome through the use of first principles cal- 
culations. In addition, let us note that many minerals (and zeolites) are ex- 
tensively used in catalytic processes where bonds are broken and created. 
Under such conditions the use of non-empirical methods is really impor- 
tant. Here we discuss some recent works which have used the SIESTA ap- 
proach to study quite different problems (mostly structural) concerning 
minerals and zeolites. 

Aluminum hydroxides are the hydrated precursors of transition aluminas, 
which are widely used as catalyst supports in refining industry. The dehy- 
dration process strongly depends on the structure of the precursor. For in- 
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stance, starting from the boehmite precursor, the dehydration leads to the 
stable a-alumina through a large variety of metastable transition aluminas. 
When the process is initiated from the gibbsite or bayerite precursors, three 
other types of transition aluminas are formed on the way to a-alumina. 
However the same process leads directly to a-alumina when the diaspore 
precursor is used. Thus, the formation and structural properties of transi- 
tion aluminas are strongly dependent on the type of aluminum hydroxide 
precursor. The real crystal structures of some of these precursors are still 
not clearly known despite large effort. In particular, the hydrogen positions 
remain controversial in several of these layered polymorphs. Two groups 
have carried out theoretical studies of the different polymorphs of alumi- 
num hydroxides using the SIESTA approach [142, 143] which have provided 
very valuable data concerning their structure and stability. 

Digne et al. [142] carried out full structural optimizations (including cell 
constants, space group and atomic positions) for several aluminum hydrox- 
ide polymorphs with different degrees of hydration: gibbsite, bayerite, dias- 
pore, boehmite and tohdite. Comparison with the more reliable structural 
data presently available showed that the accuracy of the theoretical approach 
was very good. In some cases (bayerite and gibbsite) the agreement was bet- 
ter than for other calculations also using the SIESTA package [143] because 
of an extensive optimization of the basis set used in the computations. This 
is an important aspect in view of future applications in this field. Trends in 
dehydration processes were also found to be correctly reproduced. An im- 
portant result of this study was that the total energy of these systems does 
not seem to depend very much on the hydrogen positions. On the basis of 
the simulation results these authors evaluated the Gibbs enthalpy variations 
and could provide a consistent explanation of the thermodynamical stability 
as a function of temperature of aluminum hydroxide polymorphs. It was 
pointed out that the degree of hydration of the thermodynamically stable 
species decreases when the temperature increases. In addition, limiting tem- 
peratures of stability for the various polymorphs were obtained which com- 
pared well with the experimental data available. 

Gale et al. analyzed in detail the gibbsite and bayerite polymorphs [143]. 
Although the energy difference between the two polymorphs was found to 
be small (6.3 kj/mol), gibbsite was found to be more stable in agreement 
with the fact the it is the predominant form in nature as well as with calori- 
metric results suggesting that gibbsite is approximately 5 kj/mol more sta- 
ble. These authors also considered the hydroxyl stretching frequencies for 
both polymorphs. Experimentally, the peaks for bayerite are systematically 
shifted to higher wave numbers with respect to those of the gibbsite. This 
tendency was also found in the calculated results and correlated with the 
smaller volume of the unit cell of bayerite in comparison to gibbsite. Global- 
ly, the two studies make clear that the SIESTA approach can be a very useful 
tool in this field. As shown by Digne et al. [142], for reasonable basis sets 
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sizes (typically, double-^ plus polarization functions for all atoms) the calcu- 
lated results are very good when the basis set is optimized. This is important 
because it makes feasible theoretical studies of much larger unit cell systems 
which will not be possible for plane wave type methodologies. In addition, 
since the SIESTA approach is designed to yield improved scaling with the 
system size, extensive applications of the method can be anticipated in the 
study of minerals. 

The structure and processes occurring in zeolites have also been the ob- 
jects of several SIESTA type studies. Zeolites are microporous aluminosili- 
cate minerals which are important in a large variety of industrial applica- 
tions. Both their ability to act as heterogeneous acid catalysts and the shape 
selectivity due to the dimensions of the channels are behind many of these 
applications. However, zeolites have another very important use as support 
materials for other types of catalysts like metal particles for instance. These 
systems are often not quite well characterized from the structural viewpoint 
because of the usual lack of long range order. The complexity of the zeolite 
framework and the very large number of possible interactions between the 
metal particles and zeolites makes very difficult the task of describing the 
bonding and reaction mechanisms within these systems. Another important 
but difficult aspect in experimental zeolite studies is the location of the extra 
framework cations. Simulation studies are very popular in this field. Al- 
though many of these studies have used empirical potentials, first principles 
approaches are being also increasingly used. For the reasons outlined above, 
the SIESTA methodology seems very well adapted to the needs of these stud- 
ies. 

The more extensive use of SIESTA in this field is due to Gale and cowork- 
ers [144-146]. An illustrative example is the study of the binding of palladi- 
um atoms and dimers in the zeolite gmelinite. This material contains 12-ring 
channels and 8-ring apertures interconnecting the channels. In a first step, 
they considered gmelinite as being purely siliceous and studied the different 
possible ways of binding the palladium atoms. They found several different 
sites, the three lowest energy ones being of comparable stability and sharing 
an unexpected structural feature: the palladium atoms interact with both the 
silicon and oxygen atoms. Naively it could have been expected that the 
bonding with oxygen would largely dominate. However, these authors could 
easily explain this result by considering the nature and energy of the lowest 
unoccupied levels of the zeolite which are largely localized in silicon. When 
palladium dimers were considered it was found that the second palladium 
atom only interacts with the oxygen atoms. Thus the interaction is very 
asymmetric. The shortening of the Pd-Pd bond with respect to that in the 
isolated dimer was found to be due to the charge transfer from the palladi- 
um dimer highest occupied molecular orbital (HOMO), which is palladium- 
palladium antibonding, to the zeolite lowest unoccupied molecular orbital 
(LUMO). The next step in the study was the consideration of the interaction 
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of CO with the platinum atoms. CO is used in zeolite chemistry to probe the 
Bronsted and Lewis acidic sites. Essentially, it was found that when CO binds 
to either single palladium atoms or dimers the bonding picture is strongly 
modified and the interaction with the silicon atom is lost because the nature 
of the metal HOMO is shifted. The next step of the study was the introduc- 
tion of an aluminum in the framework in place of silicon as well as a sodium 
cation in order to ensure charge neutrality. It was found that the presence of 
aluminum in the framework increases the binding strength of the palladium 
metal although the type of binding is not significantly changed. In contrast 
the binding of Co to the metal particles is reduced in the aluminosilicate re- 
gions. Thus, this study led to many useful ideas which can be used to ratio- 
nalize experimental observations in this kind of materials. It also makes 
clear the difficulty of this kind of studies due to the large number of initial 
configurations one needs to consider. Of course this difficulty will increase 
with the size of the clusters and dynamical annealing procedures will be 
needed. These studies are however feasible. Since some restrictions in the 
basis sets will be certainly needed, as noted above for aluminum hydroxides, 
a key point for the success of these simulations will be a careful optimization 
of the basis sets. 

Zeolites have been the object of other SIESTA studies. For instance, Grey 
et al. [145] explored the location of calcium cations in chabazite and found 
that the site energies converge as the aluminum content increases. The main 
results agreed with those of a less computing demanding approach using 
empirical potential functions and the Mott-Littleton approach. In fact, the 
problem of site ordering of cations affects not only zeolites but also many 
other minerals and processes. For instance, Bosenik et al. [147] have shown 
how the combined use of empirical and quantum mechanical approaches 
like SIESTA can provide an operative way to face such problems. For in- 
stance, the SIESTA code was used to obtain corrections for the chemical po- 
tentials used in the framework of an empirical approach in order to study 
the Mg/Al and Al/Si ordering in amphibolides. Since these calculations 
needed the use of unit cells with more than 300 atoms, the refinement of an 
accurate empirical approach was an important task. These authors also used 
SIESTA in order to validate the results of an empirical approach to the study 
of solid solutions between the garnets pyrope and grossular [147]. 

The combined use of a first principles method like SIESTA and either em- 
pirical approaches or experimental studies can be a very fruitful approach 
which has already been used by several authors. For instance, Girard et al. 
[146] have used SIESTA type calculations in order to validate a force field 
put forward to study the structure of zeolitic gallophosphates. Borowski et 
al. [148] used a combination of experimental and theoretical techniques in 
order to solve the structure of the layered silicic acid H-RUB-18. The high 
degree of structural disorder precluded a classical structure analysis based 
exclusively on diffraction data. These authors used a combination of tech- 
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niques (X-ray, solid state NMR and force field MD) in order to generate a 
plausible model. The simulation of the X-ray powder diffraction confirmed 
the model but disorder and pseudosymmetry yielded only a time and space 
averaged atomic arrangement. SIESTA calculations in triclinic symmetry fi- 
nally led to a satisfactory description of the local as well as the periodic 
structure. 

Other studies in this field for which the SIESTA approach has been used 
include the study of cation distributions in phyllosilicates like pyrophyllite, 
beidellite and several smectites and illites [149], a study of the (001) surface 
of galena [150] and the combined theoretical-experimental study of the 
structure oh the high-pressure monoclinic phase II of cristobalite [151]. 



6 

Surfaces and Interfaces 

Surfaces and interfaces play a crucial role in a large number of industrial 
and technological applications. This relevance can be illustrated with a few 
examples such as catalysis or the design and growth of coatings to avoid 
corrosion, thermal barriers, or microelectronic devices. Unfortunately these 
are hard systems to study, both experimentally and theoretically. The com- 
plex bonding patterns may lead to unexpected coordinations and structures. 
This, in addition to the possibility of considerable charge transfers between 
the adsorbed species and the substrates, or even between the surface and the 
corresponding bulk, reduces the applicability of semiempirical methods, 
which are usually fitted to the bulk properties. Self-consistent first principles 
electronic structure methods stand then as the ideal tool to study these sys- 
tems. However, the large simulation cells usually required then become a 
limiting factor, and the use of computationally efficient methods becomes 
instrumental. Approaches like SIESTA are therefore very much needed in 
this context. 

6.1 

Clean Surfaces 

6.1.1 

Liquid Si Surface 

At 1684 K, silicon transforms from a covalent semiconductor solid to a quite 
peculiar liquid metal. It is well known both from experiments and simula- 
tions that its coordination is much lower (~6-7) than that of typical liquids 
(~12), which is a clear indication of the persistence of directional bonding 
in the liquid phase. Very little is known about its surface, and the measure- 
ments are extremely difficult due to the high reactivity and melting temper- 
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ature. In order to get some insight into its structural properties Fabricius et 
al. [152, 153] performed first principles MD simulations of this surface using 
SIESTA. The most interesting result is the observation of a marked atomic 
layering of the density near the surface. This is somewhat surprising since 
this kind of layering is usually observed for metals with quite low melting 
temperature. However, the origin of the observed effect is different in the 
case of silicon. It is a direct consequence of the remanent directional bond- 
ing of liquid silicon which manifests in a strong anisotropy of the local coor- 
dination and translates into the creation of a well defined surface layer. The 
layering, however, has little effect in the electronic and dynamical properties 
of the surface, which rapidly converge to those of bulk liquid silicon. 

6.1.2 

Si(001) 

Motivated by the long-standing controversy between a ground state of the 
Si(001) surface exhibiting symmetric or asymmetric dimers, Paz et al. [154] 
have performed spin-polarized density functional calculations of several re- 
constructions of the system ((2x1), p(2x2) and c(4x2)) using SIESTA. LSDA 
calculations converged to non-polarized results in very good agreement with 
other calculations in the literature. Calculations using GGA predict a ground 
state with AF order for small dimer inclinations, indicating the importance 
of Mott-like correlations among the dangling bonds. Lower energies, howev- 
er, always correspond to higher dimer inclinations with no spin. Although 
DFT energies cannot be fully trusted, Paz et al. have analyzed different con- 
tributions to the energy (surface stress, hopping between neighboring di- 
mers), which turn out to be of very similar magnitude (a few tenths of an eV 
per dimer) making the problem even harder. In fact, the authors argue that 
the observed buckling could originate in these extrinsic effects, while intrin- 
sic (intra-dimer effects) would favor a symmetric dimer. 

6.1.3 

FeSi(CsCI) 

Transition metal silicides and their interface with silicon have a large tech- 
nological interest due to their potential application in microelectronic and 
optoelectronic devices. Iron silicides are particularly interesting since they 
can be grown on silicon substrates in a wide range of stoichiometries and 
structures. One example is the CsCl phase, which is unstable in the bulk, but 
can be successfully stabilized on Si(lll) for thickness up to a few hundred 
Angstroms [155] due to its small lattice mismatch (+2%) with this substrate. 
Low-energy electron diffraction (LEED) patterns indicate an unreconstruct- 
ed lxl surface. Hinarejos et al. [155] tried to get more insight into the struc- 
ture and termination of the surface measuring angle-resolved photoemission 
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(ARPES) spectra. The data was then interpreted using simplified calcula- 
tions of the surface electronic structure based on a tight-binding model ob- 
tained from bulk calculations. The results seem to indicate that the Fe termi- 
nation was more likely to fit the spectra. However, the problem has been re- 
cently re-examined by Junquera et al. [156] using SIESTA, and found that 
only the Si-terminated surface is compatible with the experimental surface 
band dispersion. In particular, the experimental data reveal a surface band 
of A, symmetry at F which can only be reproduced for the Si-terminated 
surface. The shape and energy position of this band are also in very good 
agreement with the experiment. Interestingly the calculations also reveal the 
presence of a second surface band whose energy position and dispersion 
seem to be quite independent of the termination. This band has always ma- 
jor weight on Fe atoms, even when Fe is absent from the outermost layer. 
This explains the insensitivity to the termination and the fact that it is not 
clearly resolved with photoemission. This band is probably responsible for 
the residual intensity detected in the s-polarized spectra. Recent scanning 
tunneling microscope (STM) images and LEED measurements [157] on the 
CsCl-structure FeSi/Si( 111) film surface seem to confirm the predicted Si- 
termination of the samples. 

6.2 

Adsorption on Metallic Surfaces 

6.2.1 

Doped C 60 Monolayers on Ag(1 11) 

C 60 fullerides exhibit several interesting phenomena related with the pres- 
ence of strong correlations such as high temperature superconductivity or 
antiferromagnetism. The existence of non-conventional behaviors can be 
anticipated from the fact that both the electron-phonon and electron-elec- 
tron interactions are, respectively, comparable and much larger than the 
narrow bandwidth predicted by standard electronic structure calculations (a 
few hundreds of meV). These systems are therefore close to a metal-insula- 
tor transition of the Mott-Hubbard type and the validity of the adiabatic ap- 
proximation, assumed in most electronic structure calculations, can be 
questioned. From the experimental point of view the band derived from the 
molecular LUMO is usually seen as a quite broad feature, much wider that 
the theoretical estimates, in photoemission experiments. However, the ob- 
servation of the band dispersion has proven elusive in ARPES studies until 
very recently. In a recent joint experimental and theoretical paper, Yang et 
al. [158] have reported the first photoemission measurement of the band 
dispersion for a K-doped C 60 monolayer deposited on a Ag(lll) substrate. 
The results have been compared with ab initio calculations performed with 
SIESTA. In those calculations the Ag substrate was modeled by a slab con- 
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taining six layers, and the coordinates of the three K atoms and the center of 
mass were relaxed. The calculated band dispersion was observed to be quite 
sensitive to the orientation of the molecule with respect to the substrate. 
This fact can be used to determine the C 6 o orientation by comparing the 
measured and calculated band data. The orientation determined in this way 
was very similar to that which minimizes the total energy. In general the 
shape of the calculated and observed band is in very good agreement. Sur- 
prisingly, the measured bandwidth and Fermi velocity are only renormalized 
by 40% and 50%, respectively, as compared with the theoretical values of 
170 meV and ~1.4xl0 7 cm s -1 . This value of renormalization is within the 
range explainable by electron-phonon effects alone. This suggests that, con- 
trary to the common belief, the role played by electron-electron correlations 
in renormalizing the bandwidth in these systems might be not substantial. 

6.2.2 

H 2 0 on Ag(1 1 1 ) 

A reliable model for the water-metal interface, the so-called double layer, is 
instrumental for the accurate description of electrochemical phenomena. In 
spite of the large effort devoted to it there is no general consensus on a mod- 
el, and the existing ones have difficulties in rationalizing all the abundant 
experimental information. This may not be surprising given the complexity 
of the problem. An intermediate step for the understanding of the electro- 
chemical interface is the study of the adsorption of the water molecule on 
metallic surfaces. This is a somewhat better defined problem for theoretical 
methods, and a considerable corpus of experimental work exists [159], One 
of the many open questions is the response of the molecule to the electric 
field in the interface. It is frequently assumed that the molecular orientation 
changes from oxygen-up to oxygen-down in response to electric fields. This 
behavior seems to be confirmed by the experimental evidence [159], but 
there were not first principles calculations supporting this idea. Recently 
Sanchez [160] used SIESTA to perform a series of simulations on the subject. 
He studied the orientation of a water molecule adsorbed on a charged 
Ag(lll) surface as a function of the charge. Some modifications in the code 
were necessary to include the effects of the electric field. The method relies 
on the inclusion of a charged plane at the boundary of the cell parallel to the 
surface [161]. On the neutral substrate the molecule lies approximately par- 
allel to the surface almost directly on top of one of the surface atoms. This 
geometry is explained by the character of the molecular orbitals involved in 
the bonding. Although all molecular orbitals are stabilized upon adsorption, 
the bonding interaction with the substrate is mostly mediated by the 
HOMO, IB,. This is a ^-lone pair, which maximizes its overlap with the 
states of the substrate for the parallel orientation. The orientation parallel to 
the surface and its interpretation in terms of the covalent metal- IB! has been 
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confirmed in a recent theoretical paper [162] on several closed-packed sur- 
faces of transition and noble metals. The molecule is tilted as the charge of 
the Ag(lll) surface increases, with the oxygen pointing away for negative 
surface charge and the oxygen pointing towards the surface for positive 
charge. This is solely due to the effect of the electrostatic interaction and 
takes place with a minor change of the height of the center of charge 
(~0.2 A). The tilting of the molecule is accompanied by an increase of the 
binding energy, again of electrostatic origin. A linear behavior of the angle 
vs the surface charge density is observed in the region ±5 pC cm -2 . Com- 
plete orientation of the molecule in the direction of the field (i.e., perpendic- 
ular to the surface) is achieved for a critical charge density of -15 pC cm -2 
for both polarities. These results support the idea that the observed lowering 
of the inner layer capacitance at large charge densities [163] is due to the di- 
electric saturation of the water layers closest to the electrode. 

6.2.3 

CO on Ni(1 11) 

Quiros et al. have performed an X-ray diffraction study of the absorption ge- 
ometry of CO on Ni(lll) under equilibrium conditions in ambient CO gas 
pressures ranging from 1CT 6 mbar to 1.2 bar [164], Within this pressure 
range the ordered \/7x\/7R19. 1° structure is observed. In this structure the 
CO molecules bind to top and bridge substrate sites with a relative popula- 
tion of 1:3 respectively [165]. The lattice parameter is found to change re- 
versibly with the gas pressure by 7.6% within the range considered. These 
experimental observations were contrasted with first principles calculations. 
The SIESTA package was used to calculate the interaction potential between 
free-standing and absorbed CO molecules. The main conclusions of the cal- 
culations are: i) the interaction between molecules is purely repulsive in the 
range of distances relevant for the studied structure; ii) it is very similar for 
the case of supported and gas-phase molecules, being iii) quite independent 
of the adsorption sites; iv) the effective interaction is very well described as 
pairwise (the estimated three-body contributions are one order of magni- 
tude smaller than the two-body term). At the separation characteristic of the 
y/l structure the repulsive forces between molecules are around 0.1 eV/A. 

6.2.4 

Metals on Metallic Surfaces 

The deposition of metals on different metallic substrates is not only a prob- 
lem of fundamental interest but it is very relevant in electrochemistry, par- 
ticularly in the field of the so-called underpotential deposition [166]. This 
involves the deposition of a metal monolayer at potentials more positive 
than the reversible Nernst deposition potential of the adsorbate. A meaning- 
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ful concept in the theory of underpotential deposition is the so-called under- 
potential shift that is defined as the difference of the chemical potential of 
the atom adsorbed on a foreign substrate at a given coverage 8 , and the 
chemical potential of the same species in the bulk. At T=0 K this is just the 
difference between the cohesive energy of the metal in the bulk and its ad- 
sorption energy in a given substrate, the so-called excess binding energy 
AU ex . In [167] Sanchez et al. have used the SIESTA code to calculate this 
magnitude for the (111) surface of several popular single-crystal face-cen- 
tered cubic electrochemical systems (mainly noble metals), and compared 
the results with the available experimental information. As a general trend 
AU ex can be correlated with the surface energies of both adsorbate and sub- 
strate, as was expected from very simple considerations. For a given sub- 
strate AU ex decreases with increasing the surface energy of the adsorbed 
species. Conversely, for a given adsorbate AU ex increases with the surface 
energy of the substrate. There are notable exceptions to these tendencies, 
mainly for adsorbates and substrates exhibiting a large lattice mismatch like 
Cu/Au(lll) and Cu/Ag(lll) systems. For a few systems the authors also 
report the values of AU ex obtained with converged PW calculations with 
the fhi96md package [168]. They are in almost perfect agreement with the 
SIESTA calculations. The numerical values for AU ex can be split into two 
contributions, one coming form exchange and correlation energy and other 
containing kinetic and electrostatic energy contributions. In general these 
two large energetic contributions behave in opposite ways with the lattice 
parameter and, therefore, the magnitude and sign of AU ex comes as a deli- 
cate balance and is difficult to predict on simple grounds. The comparison 
with the experiment is very good is some cases like Ag/Pt( 111) (0.33 eV cal- 
culated vs 0.2-0.35 eV measured). In other cases however, particularly for 
Cu/Pt(lll), the comparison is not so favorable (0.06 eV calculated against a 
measured value of 0.4 eV) which seems to be related to the effect in the ad- 
sorption energies and structures of the solvent and the anions present in the 
solution. 

6.3 

Adsorption on Si Surfaces 
6.3.1 

Ba on Si(001) 

As already mentioned, one possible way to eliminate the fundamental limi- 
tations of current field effect transistors would be to substitute the silica by 
other high dielectric function oxides as gate materials. Unfortunately, the 
growth of high-quality oxide films on silicon substrates is not a simple task, 
and much work is being devoted to develop appropriate methods. For exam- 
ple, it has been shown that the formation of thin films of alkaline-earth-met- 
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al silicides is an essential step in the epitaxial growth of crystalline oxides on 
Si(001) [169]. The quality of the growth seems to depend critically on the 
prior formation of a sub-monolayer of silicide. Therefore, the study of the 
process of adsorption and growth of these silicides is very important. Wang 
et al. [170] used SIESTA to simulate the first stage of the Ba deposition of 
Si(001). In good agreement with the STM images it was found that, at low 
coverages, the preferential adsorption site is located in the trough between 
the Si dimer rows. The bonding was found to be strongly covalent, with a 
small charge transfer (~0.15e) to the Ba. This is quite surprising in view of 
the large electronegativity difference between Ba and Si, and explains the ob- 
served core level shifts [171]. The problem of diffusion of Ba on this surface 
was also addressed from the analysis of the potential energy landscape for 
the Ba adsorption. It was found that the diffusion takes place preferentially 
along the direction parallel to the dimer rows (seven orders of magnitude 
more probable than perpendicular to the rows). Based on this observation a 
one-dimensional growth behavior was predicted, which seems to have been 
confirmed by recent STM experiments [172]. 

6.3.2 

Pb on Si(lll) 

Pb/Si( 111) constitutes an excellent system for the study of the metal-semi- 
conductor interface due to the low mutual bulk solubility of both compo- 
nents. Consequently a number of experimental works have been devoted to 
this surface during the last decade, unveiling a rich phase diagram, especial- 
ly at low coverage. For larger coverage, close to 1 ML (ML=monolayer), the 
competition between Pb-Si and Pb-Pb interactions gives rise to incommen- 
surate phases at room temperature. However, by cooling down the system, a 
new ordered phase, denoted as has been observed by X-ray diffrac- 

tion [173] and STM [174] among other techniques. Following this experi- 
mental work, the first electronic structure calculation of this surface has ap- 
peared very recently. In a joint experimental and theoretical paper, Brochard 
et al. [175] used the SIESTA code to study the structure, bonding and rela- 
tive stability of several phases of Pb/Si( 111). The agreement with the avail- 
able experimental information was very good, including the simulated bias 
dependent STM images. The most stable structure predicted was unambigu- 
ously identified with the model proposed from the X-ray diffraction data 
[173], corresponding to a coverage of 1.2 ML. This rules out the trimer mod- 
el resulting from a naive interpretation of the STM images. The ab initio cal- 
culations also confirmed the expected existence of covalent bonds between 
five of the Pb atoms in the surface unit cell (from a total of six) and the un- 
derlying Si atoms, thus saturating all the dangling bonds. Contrary to expec- 
tation, however, the calculations revealed that the bonding between lead 
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atoms has a markedly metallic character, with the valence electronic charge 
highly delocalized along the Pb overlayer. 

6.3.3 

C 60 on Si(1 11) 

The interaction of C 6 o molecules with silicon substrates is expected to be 
strong due to the presence of highly reactive dangling bonds. Indications of 
strong bonding have been reported by several experimental techniques. 
Probably one of the most striking ones is given by STM images where, con- 
trary to the case of metallic substrates where molecules appear as fuzzy 
balls, on the Si(lll) surface it is possible to infer the orientation of the mo- 
lecules over the substrate and even to observe some of its internal features 
[176-178]. Two adsorption configurations are deduced from STM images: a 
large molecule with apparent height of ~0.6 nm that appears more round 
and fuzzy, and a small molecule with a height of -0.5 nm which produces a 
clear internal structure and a large variety of shapes (orientations on the 
substrate) [176]. In order to identify the most favorable adsorption sites and 
structures and compare with the STM information, Sanchez-Portal et al. 
[179] have made an extensive study of the structure of C 60 on the Si(lll) 
surface using SIESTA. A 2x2 adatom surface was used as a model to simu- 
late the terraces of the 7x7 reconstruction. In most cases the C 60 molecule 
remains closely spherical, while the changes in the structure of the silicon 
substrate are larger, particularly the adatoms which move substantially to 
form extra C-Si bonds, even at the expense of breaking Si-Si bonds. In fact, 
the most stable adsorption models correspond to situations where one of 
the adatoms has broken some of its bonds with the substrate to allow for the 
formation of new, more stable, C-Si bonds between the fullerene and the 
substrate atoms. The estimated adsorption energy can be as high as 6.5 eV 
for this model, and the electronic height seems to be in good agreement with 
the apparent height of the small molecules in the STM experiments. Figure 5 
shows two of the studied structures, corresponding to the two types of ad- 
sorption experimentally reported. Unfortunately, the agreement is somewhat 
poorer between the observed internal structure and the calculated plots of 
the local DOS of the slab calculations. Surprisingly, the comparison is more 
favorable when selected molecular orbitals, split from the fivefold degener- 
ate HOMOs, are used instead [176, 177]. This is probably an indication that 
more sophisticated approaches than Tersoff-Hamman theory are needed to 
reproduce the STM images in this system. 
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Fig. 5 Two of the configurations found for the C 6 o molecule on the Si(lll) surface: a this 
structure would correspond to the large molecules type observed in the STM experi- 
ments; b this structure would correspond to experimentally more stable small molecules 
type. In the latter structure two of the adatoms have broken their bonds with the Si atoms 
in the surface, allowing the formation of two extra bonds ( highlighted in the figure). Esti- 
mated binding energies, charge transfers to the fullerene, and height of the molecule cen- 
ter of mass over the substrate are also indicated. Reproduced with permission from [179] 



6.3.4 

Si(557)-Au 

The Si(557)-Au reconstruction is formed after the deposition of ~0.2 ML of 
gold on top of a vicinal Si(lll) with the misorientation chosen along the 
[112] direction and, therefore, the steps are parallel to [liO], This surface 
presents a (5x1) reconstruction, and the deposited Au atoms are supposed 
to form a monatomic wire on each terrace running parallel to the step edge. 
For this reason it has been proposed as an experimental realization of a one- 
dimensional metal. In fact, ARPES experiments on these systems found one 
band with a strong one-dimensional character (i.e., only dispersing along 
the steps direction) which seems to split in two bands in the proximity of 
the Fermi level (E P ) [180]. This was considered quite a surprising observa- 
tion since, in a simple model that solely takes into account the Au chain, 
only one band coming from the 6s Au states was expected to cross E P The 
two bands were then interpreted as a signature of the one-dimensional char- 
acter of the system (spin-charge separation) [180]. Sanchez-Portal et al. 
[181] used SIESTA to explore the electronic structure of more realistic mod- 
els of this surface. The results showed that for most of the structures two 
metallic bands were obtained instead of the single 6s band expected. This 
could provide an alternative explanation for the experiments. Indeed all the 
bands with strong 6s character are located well below E B which can be easily 
understood since Au is more electronegative than Si. Instead the calculated 
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bands are mainly derived from Si 3 sp lobes pointing towards the Au atoms 
on the surface; thus they are silicon bands. The idea that the observed fea- 
tures are related with band structure effects, and not with spin-charge sepa- 
ration, seems to be confirmed by more recent photoemission studies [182]. 
Sanchez-Portal and Martin [183] have identified the most favorable struc- 
ture of the Si(557)-Au surface out of 15 different models. In addition to the 
Au chain, this structure involves a row of Si adatoms saturating some of the 
dangling bonds of the structure and is in very good agreement with the 
model proposed from recent X-ray diffraction data [184]. 

6.4 

Surface-Tip Interactions 

In a recent joint experimental and theoretical work, Forster et al. [185] have 
studied the dynamic scanning force microscope images of the CaF 2 (lll) 
surface as a prototype of ionic substrates. The focus was made on the effects 
of tip and substrate relaxations in the atomic resolution of the images. The 
simulations were performed for pure silicon tips and ionic tips made of 
MgO. The results were then compared with the experimental information. 
For a proper treatment of the electrostatic interactions the calculations with 
ionic tips require a larger simulation cell and, therefore, a simplified method 
was used to describe the chemical forces. In the case of the silicon tips a 
more sophisticated description of the electronic structure is necessary, due 
to the expected presence of covalent interactions, and the SIESTA code was 
utilized. According to these authors, this would be the first ab initio simula- 
tion of this kind on an ionic substrate. As in previous studies [186] the sili- 
con tip was modeled by a small (ten atoms) cluster with its base saturated 
by hydrogens, and exhibiting a single dangling bond in the apex. Both in ex- 
periments [187] and simulations [186], pure silicon tips have been shown to 
provide good atomic resolution on some semiconducting surfaces. The con- 
trast in those cases is dominated by the onset of the bonding between the 
dangling bonds in the tip and the surface. Ionic surfaces, without clear un- 
saturated bonds, might lead to different results. The interaction between the 
silicon tip and the CaF 2 substrate is certainly weaker than in the case of a 
silicon substrate with dangling bonds [186]. The contrast is dominated by 
the high F _ sublattice (there are two inequivalent F atoms on the surface). 
The interaction with Ca 2+ is much weaker and enters repulsion at larger tip 
heights (0.33 nm) than over F _ sites (about 0.25 nm). The interaction be- 
tween the higher F _ and the tip is partially covalent, involving charge trans- 
fer from F _ into bonding states (-0.18 e for a 0.30 nm separation). The re- 
laxations on both tip and sample are quite modest and do not seem to affect 
the images for this system. Two different image patterns are experimentally 
observed depending on the tip-surface distance. Only the long-distance pat- 
tern is recovered by the simulations with pure silicon tips. In the simulations 
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with ionic tips, however, both patterns are obtained as a function of the dis- 
tance, and the magnitude of the contrast also seems to be in better agree- 
ment with the observation. This seems to indicate that the tips are usually 
highly contaminated, and is consistent with the usual experimental practice 
of bringing tips into contact with the surface before imaging to improve the 
resolution. 

6.5 

Interfaces 

6.5.1 

Si0 2 /Si 

As mentioned above, the constant miniaturization of the silicon-based mi- 
croelectronic devices requires a reduction of the Si0 2 gate to the nanometer 
scale. This can only be achieved via a detailed microscopic understanding 
of the structure and the Si oxidation process at the Si0 2 /Si interface. Some 
fundamental aspects of the reaction of the 0 2 molecule with this interface 
have been revealed by recent spin-polarized total energy calculations using 
SIESTA [188], The reaction results either in a peroxy linkage with a Si-Si 
bond in the interface (a Si-O-O-Si type of bond) for the singlet spin state, or 
in a perfect Si-O-Si bond plus an interstitial O atom for the triplet spin state. 
The singlet state, i.e., the peroxy linkage, is more stable and presents a small- 
er energy barrier (a calculated value of ~0.2 eV, to be compared with 
-0.8 eV estimated for the triplet). However, the initial state of the reaction, 
i.e., the 0 2 interstitial within Si0 2 , is well known to have a triplet configura- 
tion, and the authors estimate a rather small probability for triplet to singlet 
conversion. This is in contrast with the case of the Si(001) surface, where the 
singlet-to-triplet conversion is a key ingredient to understand the sticking 
coefficient of oxygen [189]. This spin dependence of the reaction can be the 
key to explain the high quality of the Si0 2 /Si interface, which cannot be un- 
derstood from a preferential formation of the peroxy linkage. 

Another interesting study of this interface has recently been published by 
Dabrowski et al. [190] based on DFT calculations performed with several 
codes, SIESTA among them. They addressed the problem of the segregation 
of the typical donors P and As to the SiO 2 /Si(001) interface. The calculations 
show that the segregation is driven by the tendency of P (or As) to avoid the 
oxygen bonds. Donor species can then be trapped as threefold coordinated 
atoms and deactivated at certain defects at the interface, such as replacing a 
Si which has a dangling bond and is not bonded to oxygen. Donor atoms 
can also be trapped and deactivated at the defect-free interface by pairing. 
This P 2 (As 2 ) complex is unstable in bulk silicon but next to the interface its 
binding energy can be as large as 0.5 eV in the intrinsic material and even 
larger in the n-type material. This stabilization takes place because the oxide 
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can accommodate the stress caused by the deformation of the bonds around 
the complex and because the removal of a substrate bond (substitution of Si 
by P) provides a way to release part of the interfacial stress. The pairing 
mechanism dominates at high dopant concentration (>10 19 cm -3 ). 

6.5.2 

cr-AI 2 0 3 (0001 )/AI(1 1 1 ) 

SIESTA has been utilized to analyze the characteristics of the bonding at the 
interface between aluminum and alumina (Al 2 0 3 ) [191]. The authors consid- 
ered Al and O terminations of the oxide. In all cases the optimal geometry 
corresponds to an fee stacking sequence, which places the metal atoms 
above the 0 hole sites of the alumina. During the relaxation process the met- 
al atoms closest to the interface are pulled to positions usually occupied by 
the Al 3+ cations for the bulk oxide. In other words, the atoms are rearranged 
in such a way that the oxide is always effectively terminated by an Al bilayer 
independently of the initial termination. The interfacial Al-0 bonds are in 
all cases very similar to those of bulk alumina, i.e., mainly ionic with a small 
degree of covalency. In fact, this ionic interaction is the dominant bonding 
mechanism, determining the charge transfer between the Al and oxide lay- 
ers. Mulliken populations and bond orders inside the oxide layer are also 
quite similar to those for bulk. More changes can be appreciated with the Al 
slab. There is a reduction of the metallic bonding (delocalized charge) in the 
Al near the interface as a result of its distorted atomic structure and the 
charge transfer to the oxide. This is compensated for by the formation of 
more directional, covalent-type bonds. 



7 

Low Dimensional Metals 

Low-dimensional metals have certainly led to one of the more interesting and 
fruitful chapters in modern solid state science. The interest on these materi- 
als dates back to the theoretical work of Peierls [192] and Frohlich [193] 
more than 40 years ago. However it was the seminal work by Wilson et al. 
[194] on transition metal dichalcogenides, as well as the practically simulta- 
neous discovery of the first truly organic molecular metal, TTF-TCNQ (TTF: 
tetrathiafulvalene, TCNQ: tetracyanoquinodimethane) [195, 196] which 
launched a great effort on their study. Many of the interesting properties of 
these materials are related to the special topology of their Fermi surface (FS) 
[194, 197]. When a piece of the FS can be translated by a vector q and super- 
imposed on another piece of the FS, this FS is said to be nested by the vector 
q. Metals with a nested FS are susceptible to a modulation with wave vector 
q of their charge or spin density, which destroys the nested part of the FS. 
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Metal-to-insulator or metal-to-metal transitions associated with such charge 
density or spin density waves (CDW or SDW) are frequently observed in low- 
dimensional metals although often, especially in the case of molecular metals, 
are in competition with other types of instabilities. 

The unraveling of the interesting physics of these materials strongly de- 
pends on the availability of calculated band structures and FSs. Tight-bind- 
ing extended Hiickel (eH) type calculations have been remarkably successful 
in this area and even predictive [197]. However recent experimental studies 
using photoemission, magnetoresistance, and other techniques have made 
clear the need for first principles calculations on these materials in order to 
understand the fine aspects of their electronic structure. Some of these ma- 
terials have been recently studied using the SIESTA approach. 



7.1 

Molybdenum and Tungsten Oxides and Bronzes 

The discovery of nonlinear transport due to sliding of CDW in the K 0 . 3 M 0 O 3 
blue bronze [198] was at the origin of the renewed interest in the blue, red, 
and purple bronzes, Magneli phases, monophosphate tungsten bronzes, etc. 
[199, 200]. Recent photoemission studies [201-204] mostly confirmed the al- 
ready known tight-binding eH FSs [205, 197] of these materials but the 
agreement was less good for the energy bandwidths which, in general, were 
found to be larger by a factor of at least 2. In some cases like the blue 
bronzes there were noticeable disagreements in the relative dispersion of 
some bands. A recent SIESTA study for K 0 3 MoO 3 [206] has confirmed that 
the Fermi level cuts two pseudo-one-dimensional bands so that the FS of 
this material is made of two pairs of slightly warped sheets perpendicular to 
the highly conducting direction (i.e., the b axis) nested by the 0.75 b* wave 
vector. These results are in agreement with the photoemission and X-ray dif- 
fuse scattering studies [204, 207]. The calculated band dispersions for the 
two partially filled bands are now in excellent agreement with the recently 
reported ARPES studies (see Fig. 6 ). A study of the crystal orbitals at some 
points of the Brillouin zone essentially confirmed the qualitative analysis 
based on the eH approach [197] and showed that the reason for the dis- 
agreement in the eH band dispersions (see Fig. 6 ) was the underestimation 
of the Mo d xz -0 p z interactions. These first principles calculations also 
showed that no empty band which could be thermally populated above 
180 K exists, a result which differs from the previous eH calculations [205] 
and which is significant for understanding the variation of the CDW wave 
vector with temperature. 

An extensive SIESTA study of the electronic structure for all monophos- 
phate tungsten bronzes, (P 0 2 ) 4 (W 0 3 ) 2 m , with known crystal structure (i.e., 
for m=4, 5, 6 , 7, 8 , 10, and 12) has also been carried out [208]. These materi- 
als are electronically more complex since the FS follows the so-called ‘hid- 
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Fig. 6 Comparison of the ARPES (from [201]) and the calculated band structure (previ- 
ous eH [205] and SIESTA [206]) for the blue bronze K 03 MoO 3 . Reproduced with permis- 
sion from [206] 



den nesting’ scenario [209], i.e., the FS results from the hybridization of 
three different one-dimensional FS. This study, while confirming the qualita- 
tive aspects of the eH calculations, has led to a better agreement with recent 
ARPES studies [210, 211]. Calculation of precise FS (including interlayer in- 
teractions) and the associated Lindhard response function allowed an in- 
depth discussion of the origin of the structural modulations occurring in 
these materials. This study suggested that a FS driven instability is at the or- 
igin of the structural modulations for the low m members of the family (i.e., 
m=4, 5, 6, and 7) but not for the higher m members, a result which is in 
agreement with recent X-ray diffuse scattering studies for these solids [212, 
213], 

Another series of low-dimensional bronzes which have been the subject 
of a SIESTA study [214] are the hydrogen molybdenum bronzes, H x Mo0 3 
(0<x<2). These phases are low-dimensional mixed conductors displaying a 
wide range of colors and properties [215-217]. Every one of the four stable 
phases — I (xw0.33), II (xwl), III (xwl.66), and IV (x«2) — exhibits a differ- 
ent type of superstructure. According to a recent suggestion [218, 219], the 
doubling of the host cell along the c-axis in phase II as well as the 3ax6c su- 
perstructure in phase I can be seen as resulting from CDW-type instabilities 
of their FS. The SIESTA study showed that the topology of the FS is not the 
main driving force for the adoption of the superstructures but may be at the 
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origin of some conductivity anomalies of these phases [214], Conjugate gra- 
dient structural optimizations and MD runs were used in a cooperative the- 
oretical-experimental attempt to unravel the nature of the superstructures 
for phases II, III, and IV [220] as well as to discuss the relationship between 
the transport properties and structural details such as modifications of the 
host structure, hydrogen distribution and ordering among the two potential 
H+ intercalation sites (channels within the layers or van der Waals gaps be- 
tween the layers). 

7.2 

Molecular Conductors 

Molecular metals came into being with the successful marriage of the molec- 
ular donor TTF and the molecular acceptor TCNQ [195, 196]. The remark- 
able low-temperature behavior of this solid triggered an enormous interest 
on the physics of molecular conductors which soon led to the discovery of 
superconductivity in the molecular solid (TMTSF) 2 PF 6 (TMTSF: tetram- 
ethyltetraselenenafulvalene) [221]. Since then molecular conductors have led 
to an impressive number of exciting discoveries [222]. >From the computa- 
tional viewpoint their large unit cells and mixed type of bonding face the 
theoretician with a real challenge. However some of these solids have recent- 
ly been studied using the SIESTA methodology. 

The molecular superconductor /f-(BEDT-TTF) 2 IBr 2 [223] is a material 
subject to intense interest because of the much debated question of the ori- 
gin of the slow magnetoresistance oscillations. Initially they were supposed 
to originate from small pockets of the FS because their behavior strongly re- 
sembles that of the Shubnikov-deHaas effect. The origin of such slow oscilla- 
tions has remained as one of the more elusive features of the electronic 
structure of these materials until recently when Kartsovnik et al. [224] have 
proposed that they originate from the warping of the cylindrical FS. The cal- 
culated FS is shown in Fig. 7 [225]. It is a typical quasi-two-dimensional FS 
with a cylinder-like shape. The calculated transverse cross-section (Fig. 7b) 
is in excellent agreement with that reconstructed from the magnetoresis- 
tance data [226, 227]. The cylinder-like FS is calculated to be warped as 
depicted in Fig. 7c. In order to clarify the kind of warping, the region of 
k-space giving negative values of SeISc* is encoded as bright color and the 
region of k-space giving positive values is encoded as dark color. It is clear 
that the striped bands are inclined with respect to the c*-direction a feature 
which harmonizes with the results of the magnetoresistance reconstruction 
of the FS [226, 227], This study showed without any ambiguity that the FS of 
/l-(BEDT-TTF) 2 IBr 2 does not contain any small closed pocket of carriers 
which could be at the origin of the slow oscillations. It also suggests that the 
dispersion along the interlayer direction is of the order of 0.8- 1.7% of that 
in the conducting plane. The two facts together provide a firm computation- 
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(c) 

Fig. 7a-c Calculated Fermi surface for /J-(BEDT-TTF) 2 IBr 2 : a three-dimensional FS; b FS 
and Brillouin zone viewed along the c*-direction; c graphical representations of the FS 
warping (see text). Reproduced with permission from [225] 



al basis to the proposal that the slow oscillations in /l-(BEDT-TTF) 2 IBr 2 orig- 
inate from the warping of its cylindrical FS and quite clearly show the use- 
fulness of this kind of computations in characterizing the FS of molecular 
conductors. 

A remarkable experimental achievement in the field of molecular conduc- 
tors has been the report of the first single-component neutral molecular 
metal, Ni(tmdt) 2 (tmdt: trimethylenetetrathiafulvalenedithiolate, see Fig. 8) 
[228]. An essential requirement for the induction of metallic behavior in 
molecular metals is some kind of electron transfer (either direct or electro- 
chemically induced) leading to the partial emptying and/or filling of at least 
one band. Thus, these solids were thought to be always (at least) two-com- 
ponent systems. Theoretical work challenged this notion suggesting that for 
some molecular species, like metal bis(dithiolene) systems (see Fig. 8), there 
is the possibility of an internal electron transfer in the solid state which thus 
can make unnecessary the presence of the doping species [229-231], 

The SIESTA calculated band structure for the Ni(tmdt) 2 molecular solid 
[232] clearly showed that the bands originating from the HOMO and FUMO 
(see Fig. 8) overlap (0.19 eV) leading to the metallic character. The calculat- 
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Fig. 8a,b Some relevant metal bis(dithiolene) systems used in the search for molecular 
conductors. Shown in a are isosurface plots of the HOMO and LUMO calculated for 
Ni[tmdt] 2 . Reproduced with permission from [232] 



ed FS clearly showed that Ni(tmdt) 2 must be a three-dimensional metal and 
that both the electron and hole pockets should lead to angle-dependent os- 
cillations in the magnetoresistance measurements. A remarkable result of 
the SIESTA computations was that for the very strongly related nickel 
bis(dithiolene) material Ni(C 10 H 10 S 8 ) 2 (see Fig. 8b) a small energy gap of 
0.054 eV was found to separate the HOMO and LUMO related bands thus 
conferring a semiconducting character to this material. This is in excellent 
agreement with experimental work suggesting a small energy gap (approxi- 
mately 0.10 eV as deduced from the conductivity measurements) for this 
material [233]. The reason for the contrasting conductivity behavior of these 
two materials seem to be entirely due to the differences in the crystal pack- 
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ing (i.e., difference in the intermolecular interactions) since the initial 
HOMO-LUMO gaps are calculated to be practically identical (0.36 vs 
0.37 eV). The SIESTA type calculations thus seem to be very well adapted to 
the study of the metallic vs semiconductor behavior of these molecular so- 
lids despite well known deficiencies of DFT in dealing with band gaps for 
semiconductors. The reason for this success probably lies both in the molec- 
ular nature of the solids (which leads to intermolecular interactions much 
weaker than the intramolecular bonding ones) and to the similar nature of 
the HOMO and LUMO (which really are based on in-phase and out-of-phase 
combinations, respectively, of the same type of ligand orbital). 

The characterization of the unoccupied and partially occupied states of 
TTF-TCNQ has recently been the object of a combined X-ray absorption 
near edge spectroscopy (XANES) and SIESTA study [234], The use of syn- 
chrotron radiation allowed the determination of the partial DOS of S, N, and 
C because of the element selectivity of X-ray absorption and the determina- 
tion of the spatial distribution of the molecular orbitals due to the polariza- 
tion of the synchrotron light. The SIESTA computations were used to calcu- 
late the DOS and PDOS into the carbon, nitrogen, and sulfur of TTF, TCNQ, 
and TTF-TCNQ. As a consequence, an in-depth discussion of the origin of 
the different features of the unoccupied DOS of the three materials, TTF, 
TCNQ, and TTF-TCNQ, has been possible leading to the assignment of most 
of the experimentally obtained features to specific molecular orbitals. 

7.3 

Other Low Dimensional Systems 

It is sometimes difficult to predict the conductivity behavior of a material 
solely on the basis of the crystal structure either because the unit cell is too 
complex or because alternative descriptions of the crystal structure suggest- 
ing different answers are possible. Sometimes it is not even clear if there is a 
chance for the material to exhibit low-dimensional transport properties and 
hence the associated peculiar physics. Band structure calculations can be of 
major value in these cases and indeed some studies along these lines using 
the SIESTA methodology have been reported. Thus, it was predicted that the 
complex molybdenum oxide TeMo 5 0 16 would not be a metal but a semicon- 
ductor and the structural origin of the band gap was analyzed [235], In con- 
trast, it was suggested that the ternary nitride Ca 2 GeN 2 could be a new low- 
dimensional metal and it was shown that the nature of the alkaline-earth 
atom can have a crucial influence on the conductivity behavior of this type 
of phases [236]. Although the crystal structure of the ternary nitride Ca 2 AuN 
contains regular zigzag chains of Au atoms with Au-Au distances similar to 
those in Au metal, the analysis of the electronic structure clearly showed that 
both the Au and Ca atoms influence the shape of the FS and that the system 
should be a quasi-two-dimensional metal [237]. Sometimes, especially in the 
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case of molecular solids, it is difficult to predict if the conductivity will be 
metallic or activated because of some kind of electronic localization. First 
principles computational studies can be very valuable in these cases. For in- 
stance, SIESTA type calculations [238] have suggested that an AF state 
should be the ground state for the molecular solid Mo 3 S 7 (dmit) 3 although 
both the ferromagnetic and metallic states are quite close in energy so that 
the nature of the ground state can probably be influenced by pressure appli- 
cation or chemical modifications. 



8 

Nanostructured and Biological Systems 

The last decade has witnessed the blooming of nanoscience as one of the 
most active areas of research. Although interdisciplinary, nanoscience bears 
an important materials science component, as it relies on our ability to build 
and characterize materials at the nanometer scale. Simulations have played a 
major role in this field, given the practical difficulty in the experimental con- 
trol and characterization of these nanometer sized systems. Similarly, nowa- 
days simulation tools are key in understanding biology at the molecular 
scale. Although the vast majority of the simulations done in biology are still 
done at the classical potentials level, quantum-mechanics is of course of 
paramount importance in may biological processes, and therefore quantum 
simulations are very much needed in this area. The recent advances in the 
ability of these techniques to describe larger and more complex systems is 
making possible the application of quantum simulations in biological sys- 
tems. SIESTA is especially well suited for simulation in these two areas, as it 
is able to reach system sizes relevant for nanoscale materials and for biolog- 
ical systems, for which other first principles electronic structure methods 
are computationally too costly. In this section we will briefly mention work 
done along these lines. 

In the field of nanoscale materials, SIESTA has probably made its largest 
impact in the study of carbon nanotubes. This is a field which has captivated 
the attention of researchers for their unusual electronic and mechanical 
properties. Simulation and theory have played a major role, often providing 
predictions that have guided the way for experimental studies. Work done 
with SIESTA has spanned many aspects of nanotube science: vibrational 
properties [239-241], electronic states [242-246] (including the effect of lat- 
tice distortions on the electronic states [247-250]), elastic and plastic prop- 
erties [251-254], and interaction with other atomic and molecular species 
[255-259]. Boron nitride nanotubes have also received some attention [260, 
261], 

Fullerenes have also been the focus of several studies using SIESTA. Car- 
bon fullerenes doped with Ni [262] and Si [263-265] have attracted some at- 
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tention. Tsolakidis et al. [266] developed a method to compute the optical 
absorption of clusters based on Time Dependent DFT, and applied it to the 
calculation of the optical spectrum of C 60 . The vibrations of C 60 on silver 
surfaces was studied experimentally by Pascual and coworkers, and the 
results were analyzed with the aid of SIESTA simulations [267]. Some as- 
pects of fullerene growth have been studied by Hernandez et al. [268]. The 
polymerization of fullerenes to form complexes [269] or superhard solid 
phases [270] has also been considered. Finally, as in the case of nanotubes, 
fullerenes made of boron nitride have also been proposed and studied with 
SIESTA by Alexandre et al. [271-273]. 

Besides the fullerenes and the Fe clusters described above, other atomic 
clusters of small and intermediate sizes have been studied using SIESTA. Ex- 
amples are Ni-C [274, 275] and Ni-Al [276] clusters, bare and passivated 
gold nanoclusters [276-282], aluminum oxide clusters [283], and Zn and Cd 
nanoclusters [284]. 

Atomic nanowires have also been studied, especially in the case of gold, 
where much experimental information is available. The case of gold is espe- 
cially interesting, and in particular the observation of unusually large inter- 
atomic distances in the experiments. This has concentrated the effort of sev- 
eral works using SIESTA [285-288]. Au wires supported on Si surfaces have 
also been studied [181]. 

One of the most promising developments in nanotechnology is the idea 
of building electronic devices on the molecular scale, using molecules or 
nanoaggregates as building blocks of electronic circuits. At this scale, elec- 
tronic transport is completely dominated by quantum effects, and therefore 
the previous understanding of microelectronic devices is essentially useless. 
SIESTA has been instrumental for developing simulation tools for quantum 
electronic transport which can help us predict and explain the behavior of 
nanoscale devices for electronic applications. Brandbyge and coworkers 
[289-297] have developed the simulation package TranSIESTA, which, built 
on SIESTA, computes the current through a molecule or nanoscale contact 
connected between two electrodes when a finite voltage is applied on them. 
The method treats the electrodes as semi-infinite metallic leads, and both 
them and the molecule or contact are treated within the same atomistic de- 
scription and detail (in contrast with previous methods in which the elec- 
trodes were treated as featureless continuous media). The method is able to 
obtain both the current and the shape of the voltage drop through the mole- 
cule, and provides the atomic forces exerted on the atoms by the passing 
current. TranSIESTA has been applied so far to predict and explain the 
transport properties of metallic wires, nanotubes and organic molecules. 
Other methods to compute transport properties have also been implement- 
ed using SIESTA to provide the electronic structure [298-302]. 

Finally, SIESTA has also made an impact on the study of biomolecules. 
Artacho et al. [1, 303-306] have contributed to establishing the currently ac- 
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cepted view that DNA does not behave as a metallic wire, and that, if it does 
conduct, some mechanism different from band conduction (like small po- 
larons) should be responsible. Different aspects of nitrogenated bases, pro- 
teins and peptides [307-312], as well as other organic molecules like ca- 
lix[4]arene [313], durene [314], and dioxin [315] have also been studied with 
SIESTA. 



9 

Conclusions and Outlook 

Around seven years ago the SIESTA Project was initiated by a small group of 
researchers in several Spanish universities with the goal of developing a very 
efficient method to perform self-consistent electronic structure simulations 
based on DFT for complex materials. The idea was to create a method that 
would make possible the accurate computation of the electronic properties 
of systems containing up to several hundreds of atoms with modest compu- 
tational capabilities, even with personal computers, that could be available 
for most researchers around the world. Another key concept in the project 
was the search of a general approach, i.e., the goal of efficiency should not 
be gained at the expense of the flexibility and generality of the method. The 
computational scheme, therefore, should not be restricted to a particular 
type of material or bonding configuration. It should be applicable to a wide 
variety of systems, especially to those situations where large scale simula- 
tions are needed and most semi-empirical or approximated methods are not 
reliable enough. Reconstructed and decorated surfaces, interfaces, and 
nanostructures are some examples of such situations. Of course, the devel- 
opment of a method with such characteristics extended over several years. It 
was necessary to address and solve many technical and fundamental prob- 
lems, and new ideas were combined with techniques already used in differ- 
ent contexts. The results of this research were implemented in the SIESTA 
code, which was made available to the academic and scientific community a 
few years ago (http://www.uam.es/siesta). Since then, the number of research 
groups using the code has been steadily increasing and a considerable cor- 
pus of work has already appeared where SIESTA has shown its capabilities 
and potential. During these years the SIESTA development group has also 
benefited of several fruitful collaborations with researchers who have con- 
tributed to the code adding new features or improving its efficiency. 

Here we have presented a detailed account of the status of the SIESTA 
Project and its impact for the materials science community. We have re- 
viewed the applications of SIESTA for the calculation of the properties of 
many different materials. We have tried to include the most relevant and 
representative work performed with SIESTA, providing an overview of the 
applicability and possibilities of the method. However, given the large num- 
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ber of users and published research, we have probably missed some impor- 
tant papers, and we apologize to the authors of these works. The reviewed 
material covers a wide range of systems including insulators, semiconduc- 
tors, and metals, which form bulk ordered and disordered phases, surfaces, 
interfaces, nanowires, and small atomic aggregates and nanostructures. The 
properties studied include electronic, magnetic, cohesive, structural, ferro- 
electric, dynamical, elastic, and vibrational properties. In conclusion, the 
present review shows that SIESTA is an effective tool for the study of com- 
plex materials and as such it is being recognized by the computational ma- 
terials science community. 

As a final note, we would like to mention that the development of SIESTA 
is certainly an ongoing task, and new capabilities are being implemented or 
will be in the future. Developments which are already available in a prelimi- 
nary stage, and which will be included shortly in the public distribution of 
SIESTA, include accelerated relaxations and dynamics techniques [316, 317], 
hybrid quantum mechanics-molecular mechanics schemes [309-311], im- 
plementations of time dependent DFT [266, 318], electronic transport prop- 
erties at the nanoscale [289], and the determination of transition states 
[319]. In the longer term, there are plans to implement methods based on 
exact and Hartree-Fock exchange (including hybrid XC functionals), GW ap- 
proaches for the accurate determination of electronic excitations, and the 
calculations of free energies from molecular dynamics simulations. 
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Abstract We examine the performance of hybrid (HF-DFT) exchange functionals within 
Density Functional Theory (DFT) in describing the properties of crystalline solids. Re- 
cent applications are reviewed, and an extensive set of new results presented on transi- 
tion metal compounds. 
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The features of the electronic density and of several calculated properties are examined 
as the weight of the HF (exact) exchange in the hybrid functional is increased. Clear trends 
emerge in the structural and electronic properties; in particular, HF exchange increases the 
electronic localisation. This features causes an increase in the ionicity of the materials, a 
systematic decrease of the lattice parameter and increase of the elastic constants and bulk 
moduli. When HF and standard (LDA or GGA) DFT solutions yield systematically errors 
with opposite sign with respect to experiment, the formulation of hybrid functionals im- 
proves the accuracy of the calculations. This is the case for band gaps, phonon spectra, 
magnetic coupling constants, and all properties that depend on the extent of electronic lo- 
calisation at either perfect or defective lattice sites. A different weight of HF exchange is re- 
quired to reproduce the experimental value of different observables; as a general rule, how- 
ever, a higher fraction of HF exchange than the 20% optimised in the molecular B3LYP for- 
mulation is required in the solid state. 

Keywords DFT • Hybrid functionals • Crystalline solids • Transition metal oxides • B3LYP 



1 

Introduction 

Computer modelling can now be considered as an almost indispensable tool 
in solid-state and materials sciences, where it effectively complements exper- 
imental probes of matter by providing atomic-level insight in ever more 
complex materials and processes [1], The increased industrial demand for 
’designer solids’, i.e. new materials whose electronic and structural proper- 
ties are suited for specific applications, requires the availability of general 
and reliable ab-initio electronic structure methods that do not depend on 
system-specific parameters. Such techniques have seen an extraordinary de- 
velopment over the last decades, and are now a key component of research 
in solid-state chemistry, condensed matter physics and materials science, 
where they are increasingly employed not only to interpret existing experi- 
mental data, but also to direct new experimental efforts. With this perspec- 
tive in mind, addressing the accuracy achievable with available techniques is 
a topic of fundamental importance. In this chapter we examine the perfor- 
mance of hybrid exchange functionals within density functional theory in 
representing the structural and electronic properties of crystalline com- 
pounds, described under periodic boundary conditions. 

Historically, the field of electronic structure calculations has seen two 
largely independent lines of development: on the one hand molecular 
quantum chemists have based most work on wavefunction techniques (the 
Hartree Fock [2, 3] and post-HF theories [4]); on the other, condensed-mat- 
ter physicists had their reference method in Density Functional Theory 
(DFT) [5-7]. This formal division between molecular and solid-state com- 
munities has been due to the poor transferability of the standard computa- 
tional methods between the two fields: early DFT functionals underperform 
post-HF techniques in reproducing the known properties of small molecules 
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(see, e.g., the comprehensive test by Cohen and Handy [8]), while the exten- 
sion of accurate post-HF methods to solid-state systems is difficult or has 
prohibitive computational expense. In fact, the development of wavefunction 
methods applicable to the study of crystalline solids is still in its scientific 
childhood [9]. 

After two decades of continuous theoretical developments and improve- 
ments, however, working formulations of the exchange and correlation func- 
tionals at the basis of DFT have been proposed that, while retaining a tract- 
able computational cost, have adequate accuracy for most needs in both mo- 
lecular and solid-state sciences. The formulation of hybrid HF/DFT func- 
tionals has been crucial in achieving this goal. Let us put this development 
into the context of the DFT evolution, in which we notice three key steps: 

1. The first working formulation of the exchange and correlation (xc) density 
functional is the LDA (Local Density Approximation) [10, 11], which makes 
reference to the uniform electron gas (jellium ). Despite its simplicity, the 
LDA provides surprisingly good results for metallic solids with delocalised 
electrons, i.e. those that most closely resemble the jellium model. It has, 
however, revealed systematic shortcomings in the description of materials 
with localised electrons (be these molecules or insulating solids), which lead 
to the underestimation of bond distances and overestimation of binding en- 
ergies [12]. These shortcomings have been associated with two crucial fea- 
tures of the LDA: first, the local formulation of the energy expression does 
not account for the electronic redistribution in bonds, and hence excludes 
chemistry from the functional expression; and second, the non-exact can- 
cellation of the self-energy part (self-interaction) of the Hartree term in the 
LDA exchange functional, which is particularly important for well localised 
electrons. 

2. The next generation of functionals aimed at correcting the first feature, by 
including the so-called generalised gradient (GGA) terms in the functional 
formulation (following the accepted procedure, here and in the following 
we shall refer to the functionals by the initials of the proposing authors: B- 
LYP [13, 14]; HCTH [15]; PW [16, 17]; PBE [18]). The dependence of the 
functional on the gradient of the electronic density is performed via analyt- 
ic functions, whose parameters are either fitted to experiment [13-15] or 
determined by some exact sum-rules [16-18]. The increased flexibility of 
the GGA, compared to the LDA functionals, has helped improving their per- 
formance, but does not address the self-interaction problem. 

Similar arguments apply also to the latest generation of functionals, defined 
as meta-GGA [19, 20], that in addition to the gradient terms also include an 
explicit dependence on the kinetic energy density and/or on the second 
derivatives of the electron density. 

3. Only when an explicit orbital dependence is included in the DFT formula- 
tion can the electron self-interaction be corrected. Several directions have 
been followed to this aim, of which the most common are referred to as 
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SIC, or self-interaction corrected LDA [21, 22], and more recently the exact 
exchange (EXX) functionals [23], both of which include a dependence of 
the exchange functional on the occupied molecular or crystalline orbitals. 

An alternative approach to remove the improper self-interaction term 
consists in making use of the HF theory, in which the self-interaction cancel- 
lation between Coulomb and exchange contributions is exact. Mixing HF 
and DFT formulations of the exchange forces, therefore, provides an alterna- 
tive method to introduce some extent of electronic self-interaction correc- 
tion and orbital dependence. One appealing feature of this choice is that it 
can exploit readily the progress and tools available to the quantum chemists 
for calculating the HF exchange. 

In the class of orbital-dependent functionals, the LDA+U method [24] 
also deserves special mention for its importance in solid-state calculations 
on open-shell transition metal compounds. The LDA+U Hamiltonian con- 
tains an on-site term U, whose features reproduce in a parametric form the 
orbital-dependence of the HF theory. 

In this chapter we are mostly concerned with the hybrid (HF-DFT) ex- 
change functionals, and we shall therefore focus most of the discussion on 
this class of DFT functionals. The original proposition of a hybrid exchange 
functional is due to Becke [25, 26], who made use of the adiabatic connec- 
tion formula to show how to continuously transform the HF into the DFT 
formulation of the exchange functional. In general terms, hybrid functionals 
contain one or more parameters; these include at least the fraction of HF 
and DFT exchange to be used, and eventually which exchange functional 
within DFT, whose value can be postulated (Becke’s half-and-half hybrid 
[25]), fitted to experimental data (the original B3PW [26] or the B1LYP for- 
mulation proposed by Adamo and Barone [27]), or derived from first princi- 
ples, as shown by Perdew et al. using a perturbation expansion [28], 

Inclusion of the HF exchange, combined with the optimisation of the pa- 
rameters included in the hybrid functionals, yielded a noticeable improve- 
ment of DFT results; it has in this way been crucial in achieving a working 
formulation of DFT that is accurate enough to satisfy the quantum chemis- 
try needs for many applications. Combined with its relatively low computa- 
tional cost, this development has transformed DFT into the method of 
choice for the ab-initio calculation of materials properties, especially for 
large systems of practical interest. Several critical cases remain, however, 
where standard one-electron Hamiltonians fail to reach sufficient accuracy 
to interpret and/or direct experiments. Below we shall consider some repre- 
sentative examples in the solid state. 
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2 

Review of B3LYP Applications in the Solid-State 

Application of the newly proposed hybrid functionals to molecular systems 
has been almost immediate. A crucial importance has been played by the 
software availability: as soon as proposed by Becke, the first hybrid func- 
tional has been coded into GAUSSIAN94 [29] (although using the LYP corre- 
lation functional instead of the PW employed by Becke), making it available 
to the molecular quantum chemistry community. As often happens, the sol- 
id-state community has been much slower in taking up this development, 
and the application of hybrid functionals to crystalline compounds (de- 
scribed under periodic boundary conditions (PBC)) has not been possible 
until the late 1990s, when they have been coded in CRYSTAL98 [30]. Five 
years on, several solid-state studies have been performed with hybrid func- 
tionals, providing a valuable experience on their accuracy and applicability. 
In this section we summarise the results of early publications in which hy- 
brid exchange functionals have been applied under PBC to represent crystal- 
line solids. 

The properties of crystalline compounds are quite often different from 
those of molecular species, and the question concerning the transferability 
of molecular functionals to solids is therefore non-trivial. The difference is 
particularly evident for ionic and semi-ionic solids, in which the long-range 
electrostatic forces provide a strong localising field for the electronic states, 
that is not present in molecules. This is the type of situation in which the 
shortcomings of standard LDA and GGA functionals, linked to the missing 
electronic self-interaction, are likely to be most severe. In fact, ionic com- 
pounds of open-shell transition metal cations, such as the Mott insulators, 
are often referred to as highly correlated materials, to indicate the strong 
electron-electron coupling in these compounds. Complex transition metal 
oxides are the key components in several modern technologies: from the 
synthetic chemistry industry, in which oxides represent the active phase 
and/or support of heterogeneous catalysts [31], to electronics, where the re- 
sponse properties of oxides to external fields are employed to design sensors 
and actuators [32, 33], and where oxides are at the basis of rechargeable bat- 
teries [34], electrochromic devices [35, 36] and high-Tc superconductors, 
just to name a few industrially relevant applications. Understanding the per- 
formance of the different Hamiltonians available to solid-state scientists for 
describing these systems is therefore a topic with considerable practical, and 
not only academic, interest. 

Before starting our discussion, two fundamental differences should be 
highlighted between molecular and solid systems: 

1. In molecular chemistry, very accurate thermochemical and structural data 

exist for a selection of simple species. These data have been effectively used 
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in past years to define representative sets (see, e.g. Pople’s G2 set [37] and 
Handy’s set of 147 species [8]) against which to measure the results of cal- 
culations. The availability of these representative sets has enabled the empir- 
ical derivation of DFT functionals, which represent the current state of the 
art in DFT performance [8]. In contrast, the field of solid-state science has 
no such set available. Solids are quite often ill-defined, and contain intrinsic 
defects and impurities that modify their measured properties. This feature 
limits the direct comparison of model calculations with experimental data 
to few crystals that can be synthesized in (almost) defect-free form. Even in 
this case, the accuracy with which different experimental observables are 
known varies; often the most reliable experimental results on crystalline so- 
lids are not directly related to the equilibrium structure, energy and elec- 
tronic density (as for molecules), but to the response of the solid to a per- 
turbation, for instance to elastic distortions or to external electromagnetic 
fields. As an additional complexity, some fundamental electronic properties 
of solids cannot be measured directly; band gaps, for instance, can be read- 
ily calculated as edge to edge differences between specific filled and unfilled 
bands, but they cannot be measured directly. What experiments furnish are 
absorption edges and activation energies corresponding to processes that 
are often speculative. As another example, magnetic coupling constants can 
be neither measured directly nor calculated directly. Their extraction from 
calculations requires a mapping onto a phenomenological model of some 
sort, which by its very nature is inexact, while comparisons are made with 
indirect quantities such as disorder transition temperatures, which in turn 
have to be expressed in terms of the phenomenological model. Comparison 
to experiment in the solid state, therefore, is often indirect; the structural 
complexity and the cost of these calculations exceed by several orders of 
magnitude those of the simple molecules in the molecular sets. Even having 
a representative solid state set available, generating a useful ensemble of cal- 
culated properties would be beyond the reach of a systematic investigation 
of the type of reference [8]. 

2. The second difference between molecular and solid-state fields is the lack, 
in the latter, of a reference theoretical method. Post-HF techniques in mo- 
lecular quantum chemistry can yield results with a controlled degree of ac- 
curacy. In the absence of experimental data, the results obtained with differ- 
ent DFT functionals could be compared against those calculated with the 
reference computational technique. Recent developments in wavefunction 
methods [9], GW techniques [38], and quantum Monte Carlo (QMC) [39] 
for solid-state systems aim at filling this gap, and are promising for future 
work, but at present they still suffer from a limited applicability. 

The two differences mentioned above make a systematic quantitative test- 
ing approach for solids extremely difficult. Instead, we shall collect the pub- 
lished data, and present an extensive set of new results, with the aim of ex- 



